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Abstract

Cisplatin is currently a leading anticancer drug used in the treatment of various
cancers. Its clinical use, however, is limited by its poor bioavailability, its undesirable
toxic side effects profile and by the ability of certain tumours to develop cisplatin
resistance. A method that may overcome these problems is the reversible encapsulation
of cisplatin within the cavity of a macro cyclic container such as cucurbit[7]uril; a
macrocycle formed by the acid condensation of glycoluril and formaldehyde, which
has been shown to overcome acquired resistance in an in vivo human tumour xenograft

model via a pharmacokinetic effect.

In the first section of this thesis an implantable hydrogel based system was developed
for the delivery of cisplatin and cisplatin@CB[7]. First, cisplatin was encapsulated
within cucucrbit[7]uril (CB[7]) to form the host-guest complex: cisplatin@CB[7].
This was then incorporated into gelatin and 0-4% w/v polyvinyl alcohol (PVA)-based
hydrogels as slow release drug delivery systems. In vitro studies of the hydrogels
demonstrated predictable yet not significant swelling and disintegration dependent on
their PVA concentration. The hydrogel with the highest PVA content was slower to
swell and release drug compared with hydrogels containing lower concentrations of
PVA. The effect of the hydrogel’s PVA concentration on in vitro cytotoxicity was
examined using A2780/CP70 ovarian cancer cells with results showing a significant
reduction in cytotoxicity as the hydrogel’s PVA concentration increased which
indicated that a slow release system was achieved. Over the 24 hours of drug exposure
time used, hydrogels containing 4% PVA loaded with 1ImM of cisplatin@CB[7]

showed a 19 + 0.01% (p = 0.004) decrease in viable cells compared to the control,
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whereas hydrogels containing 0% and 2% PVA induced an 81.2 = 0.003% (p =
0.0005) and 42 £ 0.02% (p = 0.0002) inhibition of cell growth, respectively. Finally,
the in vivo efficacy of a 2% PVA hydrogel implanted under the skin of nude mice
bearing A2780/CP70 xenografts showed that low dose hydrogels containing
cisplatin@CB[7] (30 pg equivalent of drug) was just as effective as an intraperitoneal
high dose administration of free cisplatin (150 pg) at inhibiting tumour growth.
Overall, the results suggest an ability of implantable hydrogels to treat cancers with
much lower doses of drug, thereby reducing the severity of the toxic side effects

induced.

In the second section of this thesis, cisplatin, CB[7] and cisplatin@CBJ[7] were tested
and compared for their ex vivo neurotoxic, neuromyopathic and cardiotoxic activity
amongst other platinum-based drugs (K2PtCls, 56MESS and PHENEN) and
macrocyclic drug delivery systems (CB[6], B-cyclodextrin, Motor2 and pentamer)

using electrophysiological methods.

The neurotoxic activity of the drugs was studied using mouse desheathed sciatic nerve
preparations. Both cisplatin and CB[7] administered at a concentration of 300 puM
decreased the amplitude of the nerve compound action potential (nCAP) by 13 +4.7%
(p=203)and 4 £ 0.2% ( p = 0.8), respectively over an 80 minute period.
Neuromyopathic activity was studied using the chick biventer cervicis nerve muscle
preparation. Results showed that incubation of the nerve-muscle tissue with 300 uM
of cisplatin caused statistically significant muscle paralysis to occur by decreasing the

electrically stimulated muscle twitch response by 96 + 4% (p = 0.001), through
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interference in the presynaptic neuron. Whereas, CB[7] caused a statistically
significant muscle paralysis by decreasing the electrically stimulated muscle twitch
response by 84 + 9% (p = 0.001) through interference with the postsynaptic muscle

membrane.

Cardiotoxic activity was examined using the rat right and left heart atria. Results show
that incubation of the atria tissue with 300 uM of cisplatin reduced the contraction rate
of the right atria by 68.8 + 1% (p = 0.001) and in the left atriaby 1 + 1% (p = 0.4) by
the end of the two hour period study. When incubated with 300 uM of CBJ[7], the
contraction rate in the right atria increased by 31 + 13.6% (p = 0.3) and decreased in

the left atria by 10 £ 3.5% (p = 0.3)

Finally, the effect of the encapsulation of cisplatin by CBJ[7] on its neurotoxic,
neuromyopathic and cardiotoxic activity was investigated. Results show that while the
encapsulation had no effect on the neurotoxic activity of cisplatin, the encapsulated
complex reduced the extent of cisplatin’s neuromyopathic activity by reducing the
muscle paralysis induced by cisplatin by 60%. When encapsulated by CBJ[7], the
cardiotoxicity of cisplatin on the contraction rate of the right atria was also
significantly decreased from 65.8% to 11%. In conclusion, these results suggest that
CBJ[7] could exhibit neuromyopathy and cardio protective properties as it reduced the

neuromyopathic and cardiotoxic activity of the encapsulated cisplatin.
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Chapter 1

Cancer, Chemotherapy and Drug Delivery

Systems.



1 General Introduction

1.1 Cancer Statistics

In 2008, cancer accounted for 7.6 million deaths worldwide (around 13% of all deaths),
with lung, stomach, liver, colon and breast cancer being the most predominant cancer
[1]. The WHO (World Health Organization) predicts that the global incidence of
cancer is increasing, and estimates that in 2030 over 13.1 million international deaths

will occur as a result of cancer [1].

1.1.1 What is Cancer?
The origin of the word cancer is credited to the Greek physician Hippocrates (460-370

BC), who is considered the “Father of Medicine” [2]. Hippocrates used the words
“carcinos” and “carcinomas” to describe cancer and tumours respectively, which in
Greek translate to “crab” and “crab swelling”. These terms were specifically chosen
by Hippocrates as when he examined the surface of a breast cancer, it appeared to

resemble the shape of a crab with legs stretching outwards [2].

In scientific terms, cancer is described as a complex genetic disease in which a group
of cells exhibit three main characteristics that are not seen in normal cells, these are:
uncontrolled growth (cells divide and proliferate beyond the normal limits), the ability
to invade and destroy adjacent tissue and the ability to metastasise (spread to other

parts of the body via either the lymphatic system or blood circulation system) [3-5].

There are over 200 different types of cancer, all of which can arise from the mutation

of a single cell [3]. Normal cells grow, die and are replaced under a tightly regulated



and controlled manner (Figure 1.1). Damage or change to a cell’s genetic material
induced either by environmental or internal factors can result in cells that do not die

and instead multiply and grow uncontrollably [3-5].

Damage to Cell DNA

Healthy Cell
¥ Cell ¥

@
"

i T T T 4 O

¥

Normal Cell Division

Cancer Cell Division

Figure 1.1. Normal cell division compared to cancer cell division. Healthy cells divide at a
controlled steady rate before they ultimately undergo apoptosis. Cancer cells divide quicker
than normal cells and do not undergo apoptosis thus resulting in large numbers of cancer cells

that eventually form a tumour. Figure taken from

http://rise.duke.edu/seek/pages/page.html?0205.

1.1.2 The Development of Cancer: Oncogenes and Tumour Suppressor genes

Cancer develops as a consequence of mutations which occur in genes that play
important roles in the regulation of cell cycle and cell proliferation [4-8]. These

mutations are predominantly found in genes called oncogenes and tumour suppressor



genes [9-11]. These genes code for proteins that control cell proliferation and cell
apoptosis (programmed cell death), respectively. In normal cells, these pathways are
under strict regulation and a balance is kept between cell division and cell death. If
the control of one or more of these pathways is lost, due to mutations for example, this
can lead to an uncontrolled cell proliferation with the loss of cell death function and

therefore resulting in cells that accumulate forming a tumour [5, 9-11]. .

Tumours can be either benign, which are non-cancerous and remain localised, or they

can be malignant which are cancerous and have the ability to metastasise.

1.1.2.1 Oncogenes in Cancer

Oncogenes are mutated versions of normal genes called proto-oncogenes. These genes
code for proteins that are involved in promoting cell growth and proliferation.
Mutations that convert proto-oncogenes to oncogenes increase the activity of the

encoded protein or/and increase the expression of the normal gene [9-12].

The RAS gene is an oncogene that is most commonly activated in human tumours.

It codes for four distinct yet highly homologous ~ 21 kDa RAS proteins: HRAS,
NRAS, KRAS4A and KRAS4B [13]. All four proteins are involved in cell growth,
differentiation and survival. Mutations in the RAS gene are very common and are
found in 20-30% of all cancers including: ovary, pancreas, urinary tract, large intestine
and liver with around 70-90% of pancreatic carcinomas containing a mutation in the

RAS gene [10-13].



The RAS proteins cycle between “on” and “off” conformations that is determined by
the binding of guanosine triphosphate (GTP) and guanosine diphosphate (GDP),
respectively [13]. Under physiological conditions, the transition between the “on” and
“off” state is regulated by guanine nucleotide exchange factors (GEFs) and by GTPase-
activating proteins (GAPSs) [13-15]. Studies have found that oncogenic mutations can
impair the GTP hydrolysis reaction and that specific point mutations can prevent the
formation of van der waals bonds between RAS and GAP. The outcome of these
mutations is the persistence of the “on” state of RAS, and as a consequence, there is a
constant activation of a multitude of RAS downstream effector pathways (such as the
MAP kinase pathway) that fuel cell proliferation. Various studies have also shown that
the overexpression of RAS genes enhances the proliferation of cells by up-regulating
cell transcription of growth factors such as the heparin-binding epidermal growth
factor (HBEGF), transforming growth factor-a (TGFa). These affected cells show a
greater growth advantage over normal cells and unlike normal cells, they lack cell

repair mechanisms [10-15].

1.1.2.2 Tumour Suppressor genes in Cancer

In contrast to the cellular proliferating stimulation function of proto-oncogenes and
oncogenes that drive cell cycle forward, tumour suppressor genes code for proteins
that suppress cellular growth and division and promote apoptosis (programmed cell

death) [9-11, 14].

The first tumour suppressor gene was identified in 1986 and named the RB1 gene. It

codes for a protein known as the retinoblastoma protein (pRb) [10-14]. This protein



acts to stop the replication of damaged DNA by switching on the expression of genes
that suppress the progression of cells from G phase (gap phase) of the cell cycle to S
phase (synthesis) and therefore its inactivation allows for uncontrolled cell division.
The types of genetic mutations that can lead to pRb inactivity most often involve
frameshifts or deletions in the RB1 gene. Rb1 mutations have been found in various
cancers including small cell lung, bladder, breast, cervical, thyroid and cancer of the

eye (retina) [14-18].

The p53 tumour suppressor protein is the most common target for genetic alterations
in tumours with more than 50% of human tumours containing a mutation in this gene.
The p53 gene is a master regulator in inducing cell cycle arrest, DNA repair and
apoptosis (amongst many more functions). The p53 protein activates expression of
proteins that inhibit cell proliferation and those that promote apoptotic pathways in
response to DNA damage. Any genetic alteration in the p53 gene will result in an
inactivate p53 protein and therefore inhibiting the DNA damage responses that
prevents cell cycle progression. Unlike the majority of tumour suppressor genes such
as RB, APC and BRCA1 which are inactivated during cancer progression by deletions
or truncating mutations, the p53 gene in human tumours is often mutated by a single

nucleotide substitution [15, 18-19].

1.1.2.2.1 Cancer and the Two Hit Hypothesis

Mutations that occur in oncogenes are called “gain-of-function” mutations and are

dominant which means that only one copy of the gene needs to be mutated in order to



promote cancer. In contrast, mutations that occur in tumour suppressor genes are
recessive in nature (figure 1.1.1). Therefore, in order for a cell to become cancerous
both of the tumour suppressor genes (both alleles) must be mutated, this is known as

the two hit hypothesis [19, 20].
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Figure 1.1.1. The recessive nature of tumour suppressor genes. For cancer to occur,

both genes of a tumour suppressor gene must be mutated.

The two hit hypothesis was proposed by Dr Alfred Knudson in 1971 out of his interest
in the genetic mechanisms underlying retinoblastoma, a childhood form of retinal

cancer [11-21].

Retinoblasts are normal cells of the developing eye that stop growing and dividing
during embryogenesis and differentiate into retinal photoreceptors and nerve cells.

These differentiated cells do not divide, however in retinoblastoma, the retinoblasts
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fail to differentiate and continue to divide forming tumours in the retina and if left

untreated will metastasize to other parts of the body.

Between 1944 and 1959, Knudson had studied and compared the age at diagnosis, sex,
family history, and whether the tumour occurred in one eye (unilaterally) or two eyes
(bilaterraly) in 48 patients with retinoblastoma. Knudson had observed that some
children with an affected parent where disease-free, but that the offspring of these
unaffected individuals developed retinoblastoma. Based on clinical and mathematical
data, Knudson then concluded that retinoblastoma was caused by two mutations, one

in each copy of a single tumour suppressor gene (RB1 gene) [20-21].

Today, this hypothesis serves as the basis for the understanding of how mutations in
tumour suppressor genes drive cancer. This finding was crucial as it suggested that an

individual could inherit a germ-line mutation but not be affected.

1.1.3 The Hallmarks of Cancer

There are six well defined biological steps that are required for the development of
tumours [22-23]. These include the ability of cancer cells to evade apoptosis, their
ability to replicate infinitely and their ability to metastasise to produce secondary

tumours and produce new blood vessels [22-23].



1.1.3.1 Evasion of Apoptosis

Apoptosis, also known as programmed cell death, is a cellular suicide program that
eliminates damaged or useless cells. It’s a complex process that ultimately leads to
the activation of a family of cysteine proteases called caspases. There are two routes

to apoptosis; the extrinsic and intrinsic pathways [22-24].

In the extrinsic pathway, caspases are activated through the formation of a death
inducing signal complex in response to the engagement of extracellular ligands to cell
surface receptors [24]. Whereas the intrinsic pathway involves mitochondrial outer
membrane permeabilization which in turn triggers the release of pro-apoptotic proteins

that lead to the activation of caspases [24].

Cancer cells are under constant oncogenic stress such as genomic instability and
hypoxia, in a normal cell, the intrinsic apoptosis pathway would normally be activated
to induce apoptosis [22, 24, 25]. However, cancer cells are able to avoid the initiation
of apoptosis by disabling apoptotic pathways. Studies have shown that cancer cells
have an elevated expression of anti-apoptotic genes and an abnormally decreased
expression of pro-apoptotic genes. Furthermore, they can inhibit apoptosis by post-

translational modifications such as phosphorylation of pro-apoptotic proteins [24, 25].

1.1.3.2 Limitless Replicative Potential

Normal cells have a finite replicative ability that limits their multiplication to about
60-70 doubling (known as the Hayflick limit). During DNA replication, small

segments of DNA at each end (known as telomeres) are unable to be copied and are



lost after each round of DNA duplication. The telomere region of DNA does not code
for any protein. After a number of divisions the telomeres become depleted and the

cell begins senescence [26].

Over the past two decades studies have shown that cancer cells have an unlimited
replicative potential. This is due to cancer cells having an elevated expression of an
enzyme called telomerase which maintains telomeres sequence at the end of DNA

therefore giving cells an infinite replicative potential [22,23,26].

1.1.3.3. Metastasis and Sustained Angiogenesis

Metastasis is the process by which a tumour cell leaves its primary location and travels
to a different site to establish a secondary tumour. For a cancer cell to metastasize it
must penetrate a blood vessel or a lymphatic vessel by crossing the basal lamina and
the endothelial lining of the vessel and then reverse again and grow at a news site.
Cancer cells capable of metastasis are often more resistant to apoptosis and are less
dependent on signals from other cells to grow and divide [22, 23,27]. Once a tumour
surpasses 2 mm in size it must form new blood vessels to ensure tumour cells obtain
sufficient oxygen and nutrients. Tumours attract the formation of new blood vessels
from existing vessels by secreting angiogenic signals such as the vascular endothelial
growth factor in response to hypoxic stress [22, 23, 28]. However, these new vessels
are torturous and heterogenous in structure, leaky with dead ended branches. This
results in irregular blood flow to the tumour helping to create additional regions of

hyoxia.
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1.1.4 Carcinogens

A carcinogen is defined as any substance that is able to cause cancer [29]. Carcinogens
can be physical, such as ultraviolet (UV) light; chemical, such as those found in
tobacco smoke; or biological, such as infections from certain viruses, parasites and
bacteria [30-32]. The natural process of ageing is also a fundamental factor to the
development of cancer as the incidence of cancer increases dramatically as age
increases. This is believed to be due to the development of cell mutations over time
[29]. The main risk factors of cancer worldwide have been identified to be due to the

extensive use of tobacco and alcohol, unhealthy diets and physical inactivity [6].

1.1.4.1 Physical Carcinogens: Ultraviolet Radiation

Sunlight is the most ubiquitously occurring physical carcinogen that can induce

melanocytic and non-melanocytic skin cancers [33].

The sun’s UV spectrum is made up of three ultraviolet bands of different wavelengths;
UVA (315-400 nm), UVB (280-315 nm) and UVC (< 280 nm). UVA and UVB are
primarily responsible for the biological effects on human skin, as they are both capable
of penetrating through the ozone layer, whereas UVC is nearly completely absorbed
by the upper atmosphere [13]. UV light is absorbed by the human skin and does not
penetrate the body any deeper than the skin. UVB is almost completely absorbed by

the epidermis and UV A penetrates deeper into the dermis [33-35].

Epidemiological data has shown that recreational sun exposure and excessive or

cumulative sunlight exposure can take place years and decades before skin cancer
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arises [35,36]. There are three different types of skin cancer caused by exposure to

ultraviolet light, these are: basal cell cancer, melanoma, and squamous cell cancer.

Experimental evidence has shown that DNA is the molecular target for most of the
effects of UV light; this is because the bases that make up DNA all contain ring
structures with an abundance of conjugated bonds that are known to absorb shortwave
UV radiation [34]. UV light can induce mutations in several genes that are involved in
tumour suppressive, oncogenic, and cell cycling pathways [35]. These pathways
include mutations in the p16 and p53 tumour suppressor genes as well as the activation
of Ras (Rat sarcoma) pathways, formation of specific mutagenic photoproducts and
induction of reactive oxygen species [35, 36]. These ultimately result in the loss of
induction of apoptosis and thus the loss of normal growth of keratinocytes and

melanocytes [36].

1.1.4.2 Chemical Carcinogens: Cigarette Smoke

The link between cigarette smoking and lung cancer was first established in the early
1950s in a study that revealed a 26-fold increase of lung cancer in cigarette smokers
compared with non-smokers [37]. Since then, several studies have directly linked
cigarette smoking to various cancers, including: cancers of the oral cavity, oesophagus,

larynx, lung, stomach, pancreas, kidney and leukaemia [37, 38].

In developed countries, cigarette smoking is responsible for 24% of all male deaths

and 7% of all female deaths. Approximately 80-90% of all lung cancers and 30% of

all cancers can be linked to the habit of cigarette smoking [39, 40].
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There are more than 3,400 biologically active chemicals that have been identified in
cigarette smoke, with sufficient evidence that 60 of them are carcinogenic in either
laboratory animals or humans [37, 39]. These carcinogenic compounds belong to
various classes including: aromatic amines, heterocyclic amines, aldehydes, volatile
hydrocarbons, nitro compounds, organic compounds, inorganic compounds, metals,
and nitrosamines. Of these polycyclic aromatic hydrocarbons, the tobacco specific
nitrosamine 4-(methylnitrosamino)-1-(3-pyridyl)-1-buranone is likely to play a major

carcinogenic role [37, 39].

The molecular mechanisms by which these chemicals induce cancer is diverse and
depend on tissue type, however, the majority of cigarette carcinogens have shown to
be capable of forming DNA site specific mutations specifically on tumour suppressive

genes and by inducing oxidative damage [38].

The effect of cigarette carcinogens on tumour suppressor genes and specifically on the
p53 tumour suppressor gene and the Kristen-ras (KRAS) oncogene have been widely
documented [37]. The p53 protein which plays an essential role in cellular proliferation
and cell death, is mutated in around 50% of all lung cancers. In a sample of 550 lung
tumours with p53 mutations, 33% where shown to contain guanine (G) to thymine (T)
DNA base transversions and 26% where shown to have guanine to adenine (A)
transitions [37, 39]. These site specific mutations have also been found to occur in the
KRAS gene which codes for proteins that play crucial roles in cellular growth. Around
24% - 50% of human lung adenocarcinomas have been shown to contain site specific

mutations in the KRAS gene [37, 39].
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The disturbance in oxidant-antioxidant cell balance has also been shown to cause
cellular damage and trigger pro-inflammatory cytokines [40-43]. Studies have found
that for every puff of cigarette smoke there is around 10'4-10% free radicals such as
quinones, hydroquinones and semiquinones [40, 41]. All of these radicals are long
lived and can generate further hydroxyl radicals and hydrogen peroxide in the presence
of free iron which are capable of causing DNA nicking, and single strand breaks in

DNA cultured rodent and human cells [43, 44].

1.1.4.3 Biological Carcinogens: Viruses and Infections

The International Agency for Research on Cancer (IARC) reported that biological
carcinogens account for 18-20% of all human cancers [45]. Amongst these the most
prominent carcinogenic infections are the human papillomavirus (HPV), hepatitis B

and C viruses and the Helicobacter pylori bacteria.

The HPV is a small DNA virus that is associated with cervical cancer in women.
Human papillomavirus types 16 and 18 have been implicated in 70% of all cases of
cervical cancer, and in some cases of anogenital and oral carcinomas [4, 46, 47].
Cervical cancer is now the second most common cancer in women with an estimated
530,000 new cases each year [4]. Research into the mechanism by which the HPV
virus induces its carcinogenic effect is still ongoing. Some studies have shown that the
HPV is able to integrate itself into the host cell genome and use its transcription
machinery to express viral proteins, of which two of them, named E6 and E7, are able
to inactivate two essential tumour suppressor proteins; the p53 and pRDb

(retinoblastoma protein), respectively, disrupting cell cycle regulations [4, 46-48].
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Helicobacter pylori (H. pylori), is a spiral shaped gram negative bacterium, that infects
half of the world’s population and is the major cause of gastric cancer; the second
leading cause of death among all cancers [49, 50]. It is estimated that upto 85% of
people infected with H. pylori show no symptoms of infection, and around only 1-2%
of people infected with H. pylori develop stomach cancer [50].

The exact mechanism by which H. pylori causes gastric epithelial cells to become
cancerous is still not fully understood, however, recent studies have shown that H.
Pylori plays roles in causing impairment of the DNA mismatch repair system, induce
oxidative stress as well as causing inflammatory stress and disruption of the cell cycle,

as well as activating oncogenic pathways [49,51].

The hepatitis viruses affect several hundreds of millions of people worldwide and are
a major cause of liver inflammation and cirrhosis [2,52]. Five main types of hepatitis
viruses have been discovered and are referred to as hepatitis A,B,C,D and E [2].
Hepatitis B and C in particular can lead to chronic liver diseases including liver
cirrhosis and cancer and it has been estimated that chronic infection with hepatitis B

and C viruses are the cause of 75-80% of liver cancers worldwide [2,47].

The molecular basis by which hepatitis B and C cause cancer still remain incompletely
understood. However, it is believed that malignant transformation occurs only after a
long period of chronic liver disease. Chronic liver inflammation, continuous cell death
and consequent cell proliferation are thought to increase the occurrence of genetic

mutations and thus the risk of cancer [2, 45,45].

15



1.1.5 Cancer Diagnosis

Most cancers are recognised either through the appearance of lumps (depending on
cancer type), or through routine screening. Various tests have been developed over the
years to help determine whether cancer is present or not, including: blood and smear
tests, as well as the use of several imaging techniques such as endoscopy, magnetic
resonance imaging (MRI) (figure 1.2), scan and X-ray scans. Once suspected,

diagnosis is usually made by a pathologist using tissue samples [2].
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Figure 1.2. Image of a magnetic resonance imaging scanner. The MRI machine use radio
waves to create pictures of all tissues in the body. Image taken from
http://pancreaticcanceraction.org/pancreatic-cancer/diagnosis/mri-scan/.
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1.1.6 Cancer Therapy

Cancer therapy encompasses a broad range of established clinical methods aimed at
treating and curing patients of the disease. These established and innovative strategies
include: surgery, radiation, hormonal therapy, and chemotherapy [56-58]. Hundreds
of chemotherapeutic drugs have been developed and subsequently approved
worldwide and many more are still undergoing clinical trials. In the period 2002-2012
the FDA (Food and Drug Administration, USA) has approved 85 new anticancer drugs

for the treatment of various cancers [1].

1.1.6.1 Surgery in Cancer Treatment

Surgery is often the first line of treatment used to treat cancer. If detected early, the
complete removal of the primary tumour can cure cancer with the use of adjuvant
chemotherapy or radiotherapy. However, if the cancer has metastasized, it is more
difficult to cure the cancer. In this case, surgery can still be used to remove parts or all

of the tumour tissue to help reduce pressure on organs; a process called debulking [59].

There are two types of surgery currently used to treat cancer; traditional open surgery
and the less invasive laparoscopic surgery. Several studies have shown advantages of
laparoscopic surgery over open surgery, this includes: reduced pain and
haemorrhaging, a quicker recovery period which means a shorter stay in the hospital.
Laparoscopic surgery is a modern technique where small incisions (~ 0.5-1.5 cm) are
made in locations far from the tumour. A telescopic rod lens system with cutting tools
is then inserted into this incision and the surgeon directs this to the tumour location

[59, 60].
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1.1.6.2 Radiation Therapy in Cancer Treatment

Radiation therapy is used to treat around 50% of patients of various cancers such as
skin, breast, lung, bladder, prostate and head and neck, either alone or in combination
with surgery or chemotherapy, (in some cases all three forms of therapy are used
together) [61]. The radiation used is in the form of high energy rays such as x-rays and
photons which damage the cells genetic material (DNA) and thus prevent the cells
from further division and proliferation. Damage to DNA by radiation is achieved
through ionisation that can delete DNA segments, break the helical double strand, or
form free radicals (ionisation of water molecules) that can ultimately induce cell

apoptosis [61,62].

The goal of radiation therapy is to direct a high dose of radiation specifically to cancer
cells while minimizing the exposure to adjacent non-cancerous cells. While normal
cells that are adjacent to the cancer cells can be affected, they are more capable of
repairing themselves at a fast rate and still retain their normal function, while cancer
cells in general are not as efficient at repairing the damage caused by radiation

treatment [61].

1.1.6.2.1 External Beam Radiation Therapy

This is the most common type of radiation therapy used. It involves directing a beam
of high energy in the form of x-rays or photons from a machine to the site of the cancer

while the patient lies still [62].
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1.1.6.2.2 Internal Radiation Therapy

Also called brachytherapy, it involves the implantation of a sealed radioactive device
such as tiny pellets containing radioactive isotopes inside or nearby tumour tissue such
as the prostate. As the isotopes naturally decay overtime, they give off their radiation

that damages the nearby cells [62].

1.1.6.2.3 Systemic Radiation Therapy

This technique involves the use of radioactive drugs that can are administered either
orally or intravenously. Orally radioactive iodine (1-131) is currently used in the
treatment of thyroid cancer (the thyroid gland absorbs most of the natural iodine in the
body and therefore will selectively uptake the radioactive iodine) and injectable

Strontium-89 is used in the treatment of bone cancer [62, 63].

1.1.6.3 Hormonal Therapy in Cancer Treatment

Hormones are biochemical compounds that are naturally produced by the endocrine
glands within the human body. Their main function is to regulate essential
physiological and behavioural activities that range from metabolism to reproduction,
mood, movement, stress, and the growth and development of cells. Some cancers,
namely breast, ovarian, prostate, thyroid and testicular are hormonal-related, that is
their rate of cellular proliferation is dependent on the amount of hormones the body
produces. Thus a strategy to treat these types of cancers is to inhibit the production of

these hormones or block the uptake of hormones by the cancer cells [64].

Oestrogen and progesterone are female hormones that have shown to be strongly

associated with the development of breast cancer in menopausal women when in high
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concentrations. These cancers are referred to as oestrogen receptor positive (ER+),
progesterone receptor positive (PR+) or both. These hormones have been found to
stimulate epithelial breast cell mitosis, increasing the number of cell divisions and thus
the opportunity for random genetic errors. Different hormonal therapies have been
developed to treat and to prevent breast cancer, this includes drugs that inhibit the
production of oestrogen such as the aromatase inhibitors, and drugs that work as
antagonists to the oestrogen receptor on breast tissue, therefore decreasing the uptake

of oestrogen by the cancer cell which ultimately induces cell death [64, 65].

1.1.6.4 Chemotherapy

Chemotherapy is defined as the use of chemical agents to destroy cancerous cells
(although these agents can be non-cell specific). Over the years, various types of
chemotherapeutic agents have been developed and are currently used in the clinic.
These chemotherapeutic agents can be divided into several groups based on their
structure and mechanism of action. The major classes include: the alkylating agents
(e.g. the platinum-based drugs), antimetabolites (e.g.5-fluorouracil (5-FU)),
anthracyclines (e.g. doxorubicin), and the taxanes (e.g. paclitaxel) [66-73]. The
platinum-based drugs will be given more focus in the next section as these are the

drugs used in this thesis.

1.1.7 Platinum Based Drugs in Cancer Therapy

Platinum based drugs are amongst the most widely used anticancer drugs available.
They are used to treat a wide spectrum of cancer types, including: testicular, colon,

breast, brain, ovarian, bladder, lung, head and neck, stomach, prostate, cervical, small
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and non-small cell lung, esophageal, as well as Hodgkin’s and non-Hodgkin’s
lymphomas, neuroblastoma, sarcomas, multiple myeloma, melanoma, and

mesothelioma, despite their dose limiting toxicity [74,75].

Cisplatin, carboplatin and oxaliplatin are the only platinum drugs approved for clinical
use worldwide, while nedaplatin, lobaplatin and heptaplatin are only approved for use

in certain countries (this will be discussed below) [75, 76].

1.1.7.1 Cisplatin in Cancer Therapy

Cisplatin (Figure 1.3), a square planar Pt?* complex, was the first metal based drug to
enter clinical trials in 1972 and the first to be used in the clinic in 1979 [76-78].
Platinum- based drugs are the most extensively used drugs in the treatment of cancer
with cisplatin currently used in 32 of 78 treatment regimens listed in Martindale in

2010 [67].
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Figure 1.3. The chemical structure of cisplatin.
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1.1.7.1.1 Discovery of Cisplatin

The antitumor properties of cisplatin were serendipitously discovered by Professor
Barnett Rosenberg and his co-workers at Michigan State University in the 1960s [79,
80]. While investigating the effect of electrical fields on the growth of E. Coli bacteria,
they observed that not only did the bacteria cease to divide, but that they also increased
in size by 300-fold, losing their normal “sausage” like shape and becoming long

“spaghetti” like rods (Figure 1.3.1) [81, 82].

Rosenberg and his co-workers had initially attributed this effect to the fact that
somehow the current from the platinum-conducting plates were inhibiting cell
division, but inducing cell growth. Sensing that they were observing something new
and unusual, the investigators carried out a number of control experiments which
showed that the electrical current was not the cause of inhibiting cell division, but a
product that formed from the degradation of the platinum electrodes; cisplatin, a co-
ordination complex that was synthesised and had been reported by Peyrone more than

a hundred years earlier [80-84].

Figure 1.3.1. A scanning electron microphotograph of a) normal E. Coli bacteria and b)
E. Coli grown in medium containing cisplatin. Image taken from

http://chemcases.com/cisplat/cisplat01.htm.
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Equipped with these results, Rosenberg then anticipated that because cisplatin
inhibited bacterial cell division, it may also inhibit the proliferation of rapidly dividing
cancer cells [81]. In 1968 cisplatin’s anticancer effect was confirmed and further
human clinical trials in 1971 showed cisplatin’s value in testicular and bladder cancer

which resulted in FDA approval in 1978 under the name Platinol [79].

1.1.7.1.2 Physical and Chemical Properties of Cisplatin
Cisplatin is a bright yellow crystalline solid with a molecular weight of 300.05 (g/mol)

that is soluble in water and DMSO [2].

1.1.7.1.3 Administration, Formulation and Pharmacokinetics

Platinol-AQ, is a clinically ready to use aqueous formulation of cisplatin. Each 100
mL amber vial of infusion contains: 1 mg/mL cisplatin, 9 mg/mL sodium chloride (to
prevent the premature aquation of the drug in solution), hydrochloric acid and sodium
hydroxide to an approximate pH of 4.0. This is then diluted in 2 liters of 5% Dextrose

in 1/2 or 1/3 normal saline [2].

Before commencing treatment, patients are pre-hydrated with 1-2 litres of fluid for 8-
12 hours to minimise the risk of nephrotoxicity [83, 84]. Cisplatin is then intravenously
administered over 6-8 hours in doses of up to 100 mg/mz Mannitol may be
simultaneously given with the intravenous infusion to maximise patient urine flow
[83]. Nausea and vomiting is typically severe and is treated with a 5-HTs antagonist

(Granisetron) combined with a glucocorticoid steroid [85].
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Following the intravenous administration of cisplatin, the drug is widely distributed
through body fluids and tissue with the highest concentration of platinum found in the
kidneys, liver and intestines. More than 90% of platinum remaining in the blood is
bound (possibly irreversibly) to proteins including albumin, transferrin, and globulin

[75].

1.1.7.1.4 Mechanism of Cisplatin Cell Entry

The exact mechanism(s) by which cisplatin enters cells is yet to be discovered.
However, passive diffusion and active transport are believed to be equally likely [77,
86]. Passive diffusion relies solely on the difference of drug concentration outside and
inside the cell. The dichloro and monohydroxo form of cisplatin are both neutral and
carry no charge which would allow movement of drug across the cell membrane [84].
However, some studies have shown that cells with acquired resistance to cisplatin have
few or no changes to the structure and function of the plasma membrane, suggesting
that other mechanism(s) of cisplatin cell entry must exist [86, 87]. In 1981, cisplatin
was proposed to be actively transported into the cell cytoplasm via various membrane
embedded transporters. Over the years research has found that Na*, K-ATPase, solute
carrier transporters (SLC) and in particular the copper transporter protein (CTR1) do
play arole in the active uptake of cisplatin into cells [77, 88]. The CTRL1 protein gained
the most attention as a defect in this gene showed decreased cisplatin accumulation in
yeast cells [88]. Once inside the cell, cisplatin has a range of targets including: RNA,
sulphur containing peptides like glutathione, mitochondria and DNA, which is its

primary biological target.
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1.1.7.1.5 Mechanism of Action of Cisplatin

In the blood stream where the chloride concentration is high ~ 100 mM, cisplatin
remains physically intact and non-reactive. However, once it enters the cytoplasm of
a cell, where the chloride concentration is much lower ~ 4-20 mM, its chloride ligands
are spontaneously and sequentially replaced with water molecules [76, 81]. This
results in the formation of a positively charged, bis-aquated platinum complex that is

now able to bind its target; DNA (Figure 1.3.2) [75, 89, 90].
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Figure 1.3.2. Mechanism of cisplatin cell entry and its mechanism of action. Once cisplatin
enters cells either by passive diffusion or active transport it is aquated within the cytoplasm.
This aquation allows it to attach to DNA causing a structural distortion in the double helix
which  prevents further DNA transcription and replication. Adapted from

http://pubs.rsc.org/en/content/articlentml!/2014/mt/c4mt00238e.
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Many studies have shown that cisplatin readily binds DNA at the N7 position of purine
bases particularly guanine and adenine and to a lesser extent at the N1 of adenosine
and O6 of guanosine [84, 89, 91, 92]. Cisplatin binds to two sequential bases on the
same strand forming intrastrand adducts and to two bases on different DNA strands
forming interstrand adducts. Studies have shown that the major DNA adducts formed
by cisplatin are intrastrand adducts where 65% are between two adjacent guanines 1,2
GpG, 20% are between an adjacent guanine and adenine GpA, and 9% are 1,3 GNG
or 1,4 GNG crosslinks where N indicates any nucleoside. Interstrand DNA adducts
account for < 1% and occur between two guanines on opposite strands (Figure 1.3.3)

[75,92].
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Figure 1.3.3. A diagram showing the different binding modes of cisplatin with DNA
nucelobases including: 1,2-(GG) intra-strand crosslinks, 1,3-(GG) inter-strand crosslinks,
1,2-(AG) intra-strand crosslinks, protein-DNA crosslinks and 1,3 and 1,4-(GG) intrastrand
crosslinks. Image taken from http://pubs.rsc.org/en/content/articlehtml/2010/mt/b911438f.
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Distortions induced in the DNA by these adducts cause the hydrogen bonds between
guanosine and cytosine to break leading to bending of the DNA helix by up to 60%
towards the major groove and unwinding of the double helix by 23°. This Pt-DNA
complex blocks RNA polymerase 11 at the lesion site and inhibits transcription. It has
been suggested that Pt-DNA adducts can attract specific proteins containing a high
mobility group (HMG) domain that bind to the site of platination and shield the
nucleotide excision repair system from identifying and repairing the lesion and thus

ultimately leading to cell death.

1.1.7.1.6 Non-DNA Targets of Cisplatin

Numerous studies over the years have shown that cisplatin binds to other components
of the cell apart from DNA. Cisplatin has been shown to bind to and inhibit membrane
proteins causing a lowering of the intracellular pH of the cell, promotion of lipid rafts
in the membrane and inducing apoptosis by binding to death receptors found on the

cell membrane [93-95].

1.1.7.1.7 Tumour Resistance to Cisplatin

A major obstacle to the success of cisplatin in cancer therapy is the emergence of
cisplatin resistant cancers [94, 96]. When cells become resistant to cisplatin, the dose
of drug given to the patient is increased, which in turn increases the level of its toxic
side effects. Resistance of cancer cells to cisplatin can be either intrinsic or acquired
[84]. Cisplatin is ineffective from the outset with cells that are intrinsically resistant,
these cells are resistant through their inherent structural or functional characteristics.
In comparison, cisplatin is initially beneficial against some cancers but becomes

ineffective over time in cells with acquired cisplatin resistance.
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1.1.7.1.7.1 Acquired Cisplatin Resistance

Various hypothesis have been developed over the years to explain methods by which
cells become resistant to cisplatin. One of the most likely reasons is the insufficient
accumulation of drug at the target site failing to cause cell death [95, 96]. High
expression levels of sulphur-containing compounds such as glutathione and
metallothionein are believed to play a role in cisplatin resistance [95, 96]. These
proteins and peptides are abundant in mammalian cells such as ovarian cells and act
as reducing agents by scavenging for free radicals. They have been shown to have a
strong affinity for cisplatin, forming cisplatin-thiol conjugates which ultimately lead
to depletion in the amount of intracellular cisplatin that can bind to DNA [89]. Studies
have shown that cells containing high levels of glutathione such as the hepatic HepG2

and breast MCF7cell lines were shown to be resistant to cisplatin [98, 97].

Damage to the CTR1 gene also plays a role in inducing cisplatin resistance, as deletion
of the CTR1 gene decreases the intracellular accumulation of cisplatin [89]. Also an
increased efflux of cisplatin from the cell by efflux proteins such as the ATP binding
cassette subfamily which is also known as the multi-drug resistance protein 1 (MRP1)
and canalicular multi-specific organic anion transporters (c(MOAT) play a role in
decreasing the intracellular accumulation of cisplatin by promoting its efflux from the

cell and inducing resistance [97].

The development of cell resistance to cisplatin after it has bound to DNA is believed

to occur through the cell’s ability to repair DNA as well as its ability to remove

cisplatin-DNA adducts [95, 96-97]. Many cisplatin resistant cell lines derived from
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various types of human tumours have shown an increased capacity to repair DNA
compared to their sensitive counterparts, and therefore drug resistance is believed to
occur primarily by DNA repair [81, 89]. There are four major DNA-repair pathways
that have been identified to play a role in inducing drug resistance, which include:
nucleotide-excision repair (NER), base-excision repair (BER), mismatch repair
(MMR) and double strand break repair. Both the NER and MMR pathways are

believed to play major roles in the removal of cisplatin lesions [81, 89, 90].

1.1.8 Circumvention of Platinum Resistance: Second and Third Generation
Platinum-based Drugs

In clinical practice, drug resistance constitutes the failure of a patient to achieve a
complete or partial response to therapy. To circumvent chemo-resistance to cisplatin
many analogues have been developed over the years including: satraplatin, ormaplatin,
JM-11, BBR3464, and aroplatin amongst many more [67, 99]. To date, 14 platinum-
based anticancer drugs have completed at least Phase | trials with only a few reaching
Phase 111 [85, 99, 100]. These drugs were all discontinued due to lack of activity, high

toxicity or for economic reasons [85].

Carboplatin and Oxaliplatin are the only successful second generation platinum-based
drugs that are currently used in the clinic worldwide (these will be discussed in the
next section) [91]. There are three other third generation platinum-based drugs that are
approved for use in individual countries these are: nedaplatin which is approved for
use in Japan, lobaplatin in China and heptaplatin in the Republic of Korea [67, 94-

100].
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1.1.8.1 Carboplatin in Cancer Therapy

Carboplatin, (Figure 1.4), was designed specifically to reduce the side effects
associated with cisplatin at the London Institute of cancer research and approved by
the US Food and Drug Administration (FDA) in 1989 under the brand name paraplatin

[67, 85].
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Figure 1.4. The chemical structure of carboplatin.

The key difference between the structure of carboplatin and cisplatin is that the former
possesses a six membered dicarboxylate ring, which because of the chelate effect (slow
aquation rate constant10® s compared with 10 s for cisplatin), makes it much less
reactive than cisplatin ([67,91]. Carboplatin is currently used alone or in combination
with other drugs to treat various cancers including: ovarian, head and neck, bladder,
testicular, small cell lung and brain cancers [67, 91-93]. Although carboplatin is
essentially devoid of nephrotoxicity and is much less neurotoxic compared to cisplatin,
it is extremely myelosuppressive, in which it reduces the number of white blood cells
in the body, in particular thrombocytopenia rendering patients vulnerable to infection

by various organisms [91,93].
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1.1.8.2 Oxaliplatin in Cancer Therapy
Oxaliplatin, (Figure 1.5), was synthesised by Connors et al in 1972 by the substitution

of the two ammine groups of cisplatin with a DACH (1R,2R-diaminocyclohexane)
which showed anticancer effectiveness in cisplatin resistant cells through the
formation of different DNA adducts compared to cisplatin (predominantly forms GpG
intrastrand adducts with its bulky hydrophobic dach ligand pointing into the DNA
major groove which prevents binding of DNA repair proteins) [93]. It was first
approved for clinical use in France in 1996, the European Union in 1999 and the USA
in 2002. Oxaliplatin in combination with 5-FU (fluorouracil) is the only platinum drug
that exhibits clinical activity in colon carcinoma, in which cisplatin and carboplatin
have essentially no activity [93-95]. Compared with cisplatin, oxaliplatin has a very
good safety profile characterised by lower haematoxicity and moderate and
manageable gastrointestinal toxicity. Its limitation, however, is that it induces long
term peripheral neuropathy (nerve damage), the mechanism by which oxaliplatin

induces neuropathy is still not known [70, 93-95].
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Figure 1.5. The chemical structure of oxaliplatin.
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1.1.9 Drug Delivery in Cancer Therapy

As well as the continued search for new anti-cancer drugs with high efficacy and low
side effects, there has been focus on improving delivery of drugs to cancer cells by
means of drug delivery systems. Over the last 20 years, various drug delivery systems
such as liposomes, hydrogels, nanoparticles, dendrimers, cyclodextrins and
cucurbit[n]urils have been developed and studied with anticancer drugs at the
molecular and biological level for the treatment of cancer. The use of drug delivery
systems provides a strategy that not only shields drugs from premature deactivation,
which in turn increases their circulation time in the bloodstream, but can also passively
target drugs to tumour cells by exploiting the enhanced permeability and retention
effect (EPR). This also reduces the drugs associated toxic side effects as it decreases

the amount of drug reaching healthy tissue [101-105].

1.1.9.1 Physio-Pathological Characteristics of Tumour Tissue

Tumour cells divide at a rapid and uncontrollable rate compared to normal tissue. A
tumour cell obtains a sufficient supply of nutrients and oxygen by passive diffusion
until it reaches a size of 2 mm. Once they surpass 2 mm in size they require a different
mechanism to fulfil their energy needs. To expand and continue to grow, the tumour
forms new blood vessels (angiogenesis) from pre-existing ones by the over expression
of pro-angiogenic growth factors including: vascular endothelial growth factor
(VEGF), basic fibroblast growth factor (b0FGF), bradykinins and prostaglandins [104-
109]. However, this dramatic proliferation gives rise to abnormal and defective
architecture of the blood vessels compared to that of normal cells. New tumour blood
vessels are characterised by a disorganised structure with large gaps between the

endothelial cells. This gives rise to a leaky and porous vasculature system that
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increases the permeability of macromolecules (~ 40 kDa) into the tumour cells

compared with normal healthy cells [106-110].

1.1.9.2 The Enhanced Permeability and Retention Effect
The EPR effect was first described by Matsumura and Maeda in 1986. Their

investigations reported that the majority of human tumours produce extensive amounts
of vascular permeability factors and that most tumours have blood vessels with
defective architecture [104,105,109]. The size of the gaps between the endothelial cells
range from 100-780 nm, depending on the tumour type, which greatly differs from the
tight endothelial junctions of normal vessels which have gaps of 5-10 nm (Figure 1.6)

[104, 109, 110].
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Figure 1.6. A diagram demonstrating the EPR effect. The endothelial cells that line tumour
blood vessels have large gaps between them compared to normal vessels allowing the large

molecules to be taken into the tumour.
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In 1979 an anticancer protein named neocarzinostatin (NCS) was synthesised for the
first time by Maeda et al and conjugated to a styrene maleic acid copolymer (SMA)
(the drug-polymer complex was named SMANCS) [111]. Studies found that not only
did SMANCS accumulate to a greater degree in tumour cells compared with the free
drug NCS, but that the drug complex had a longer plasma half-life (up to 200 times

more) than the free drug [111-113].

The unique phenomenon of the EPR effect is now considered a landmark principle in
tumour targeting and a gold standard in anticancer drug design using macromolecular
agents. Doxil, which is a PEGylated (polyethylene glycol-coated) liposomal
formulation of the anthracycline drug doxorubicin is used routinely for the treatment
of ovarian cancer and Kaposi sarcoma [105, 114-116]. There are also many other
polymeric drugs that are currently under Phase | and Phase 11 clinical trials. However,
regardless of the popularity of the EPR effect, there are some problems that exist with
this strategy. Studies have shown that the central part of tumours do not exhibit the
EPR effect and show much less accumulation of macromolecules than in other parts

[105, 114,115].

1.1.10 Cisplatin Based Drug Delivery Systems

Over the past ten years, there has been a sharp increase in the number of drug delivery
systems developed for the delivery of cisplatin. These systems include: gold
nanoparticles, dendrimers, carbon nanotubes, liposomes, macrocycles, silica

microparticles, nanoscale metal organic frameworks, polymer conjugations, nasal
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inserts and hydrogels. Of these systems, the most promising have been liposomes,
macrocycles and hydrogels as they have either shown promising pre-clinical results or

are undergoing phase clinical trials [117-119].

The next section of this thesis will introduce these three systems and more importantly

analyse the preclinical and clinical results of their formulation with cisplatin.

1.1.10.1 Liposomes

Liposomes are microscopic vesicles composed of natural or synthetic lipids that self-
assemble into bilayers that surround an aqueous core upon hydration (Figure 1.7) [120-
122]. The lipid layers are composed mainly of amphipilic phospholipids containing a
hydrophilic head and hydrophobic trail, with other constituents being cholesterol and
fatty acids. Both hydrophobic and hydrophilic drugs can be associated within
liposomes, and since their discovery, a number of liposomal drug based formulations

have been developed and this will be discussed below [120-122].

Drug

] Phospholipids

Figure 1.7. A schematic diagram of a drug encapsulated by a liposome. Image taken from
http://www.hindawi.com/journals/jdd/2012/581363/figl/
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Doxil™, is the first liposomal drug product to be licensed for use in the USA. It is
composed of a pegylated (polyethylene glycol coated) liposome-encapsulating the
anthracycline drug doxorubicin. The use of Doxil™ is favoured over the use of free
doxorubicin as it exhibits up to an 8-fold increase in circulation half-life compared to
free drug and a significant decrease in the cardiotoxic side effects induced by

doxorubicin [123,124].

1.1.10.1.2 Liposomes for the Delivery of Cisplatin

Lipoplatin is a liposomal formulation of cisplatin and three phospholipids (soy
phosphatidyl choline (SPC-3), cholesterol, dipalmitoyl phosphatidyl glycerol (DPPG)
and methoxypolyethylene glycol-disteaoryl phophatidylethanolamine (mPEG2000-
DSPE) that has shown interesting and promising results in both preclinical and clinical

trials [125,126].

Preclinical in vitro studies have shown that lipoplatin may have a higher therapeutic
index compared to free cisplatin as it had superior cytotoxicity to cancer cells
including: non-small cell lung cancer and renal cell carcinomas compared to normal
non-cancerous cells [125]. Due to these results, it was hypothesized that because
lipoplatin is a small nanoparticle of 110 nm in diameter, it may be able to passively
target tumour cells through the compromised endothelium of the tumour vasculature
system [125]. Furthermore, in vivo studies have shown that when administered
intraperitoneally to rats at 30 mg/kg, lipoplatin demonstrated complete absence of
nephrotoxicity, whereas animals injected with free cisplatin at the same dose

developed renal insufficiency with clear evidence of tubular damage [125, 128].
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These preclinical results amongst many more revealed that the reformulation of
cisplatin through this particular liposome may be the answer to increasing the
bioavailability of cisplatin [125]. Thus, over the last five years lipoplatin has
undergone clinical trials and has recently finished all three phase clinical trials [125-
128]. In these trials, lipoplatin was tested for tumour shrinking efficacy and general
toxicity compared to free cisplatin in various cancers including: pancreatic cancer,
head and neck cancer, mesothelioma, breast and gastric cancer, and NSCLC [125-

128].

The overall results from the phase clinical trials have shown that although lipoplatin
had an increased amount of platinum in tumour tissue and lesser side effects compared
to free cisplatin, the response and survival rate of free cisplatin to lipoplatin in patients

were not significantly different [126, 127].

In a randomized phase Il clinical study comparing lipoplatin combined with 5-
fluorouracil versus cisplatin combined with 5-fluorouracil, results showed that
lipoplatin had a significantly shorter half-life and increased clearance than free
cisplatin [126-128]. Toxicity results showed that renal toxicity was much lower in the
lipoplatin arm compared to the cisplatin arm and that higher myelotoxicity was
observed in the cisplatin arm (31.7% versus 12% in the lipoplatin arm). The response
rate in this study was higher in the cisplatin arm, but stable disease was higher in the
lipoplatin arm [126-128]. In a different phase Il trial, patients with advanced non-
small cell lung cancer were randomized to receive either lipoplatin plus paclitaxel

(Arm A) or cisplatin plus paclitaxel (Arm B) administered intravenously every two
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weeks [126,128]. The results of this study showed that the lipoplatin (Arm A) had
significantly less toxicity than cisplatin namely; nephrotoxicity (6.1% in Arm A versus
40% in Arm B, p <0.001), neutropaenia (33.3% in Arm A versus 45.2% in Arm B, p
= 0.017) and nausea/vomiting (32.5% in Arm A versus 45.2% in Arm B, p = 0.042)
[126,127,128]. Although the overall response rate was numerically higher in lipoplatin
compared with cisplatin (58.8% versus 47.0%, p = 0.073), the median overall survival

was similar in both groups of patients (9 versus 10 months, p = 0.57) [125-128].

The overall results from the phase clinical trials have shown that although lipoplatin
had an increased plasma circulation time compared to free cisplatin as well as an
increased amount of platinum in the tumour tissue and lesser side effects compared to
free cisplatin, the response and survival rate of free cisplatin to lipoplatin were of no
significant difference. Although no difference was seen in patient survival rate, the

reduction in toxicity is important to improving patient quality of life.

This study has highlighted that although the use of liposomes may have no effect on
the response and survival rate of patients, it has the ability to reduce toxic side effects
(possibly through preventing the drug from unwanted protein/cell receptor binding) of

the encapsulated drug and thereby improving the quality of patient life.

1.1.10.2 Hydrogels

Over the past few years, injectable and implantable hydrogels have been under
investigation as a means to prolong the therapeutic dose of drugs in the bloodstream

[129]. Various pre-clinical studies of hydrogels with different chemotherapeutic drugs
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have shown that not only is a slow drug release system achievable, but more
importantly that a slow release can also simultaneously increase the efficacy of a drug

by increasing its bioavailability and decreasing its toxic side effects [130,131].

Hydrogels are three-dimensional polymeric water swollen matrices held together by
physical or chemical bond [129-132]. They are suitable for biomedical applications
because of their ability to simulate some aspects of biological tissue; fully swollen
hydrogels share physical features that are common to that of living tissues, including:
a soft and springy texture, a rubbery consistency which reduces interfacial tension with
biological fluids, and an elastic nature that minimizes irritation to the surrounding
tissues when implanted. The low interfacial tension has also been shown to minimise
protein adsorption and cell adhesion, and therefore, reduces the chances of a negative

immune response from the host [129-135].

Gliadel® is currently the only hydrogel that is approved for clinical use in the
treatment of high grade glioma (approved for use only in the USA). It is composed of
a biodegradable polymer called polifeprosan and the chemotherapeutic drug
carmustine [136-138]. The wafer is the size of a British five pence coin (approximately
1.45 cm in diameter and 1 mm thick) and it is surgically implanted in the brain along
the walls and floor of the cavity after a malignant glioma has been surgically removed
(Figure 1.8) [139]. This is a local therapy designed to provide controlled release of
carmustine over a period of two to three weeks. In theory this should reduce systemic
toxicities and allow a greater dose to be provided to the residual tumour than injectable

carmustine alone. Using this method to treat high-grade glioma also simplifies
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subsequent management, as systemic chemotherapy is usually given over a prolonged

course of around six months [136-144].

Figure 1.8. An image of a gliadel wafer being implanted in the brain along the wall and
floor of the cavity after a malignant glioma has been removed (left panel), as much as upto
eight wafers can be placed where the tumour was located (right panel). Image taken from

http://www.gliadel.com/about-gliadel/how-gliadel-used/.

Phase two and three clinical trials have shown that Gliadel® can increase survival rate
by 34% but only in patients with primary glioma and not for those with recurrent
disease. The results of these trials also showed that although Gliadel® did not decrease
side effects such as seizures, nausea, infection insomnia, depression and visual defects,
this treatment strategy did not increase the number or the intensity of these side effects

[137-140,143].

1.1.10.2.1 Hydrogels for the Delivery of Cisplatin

There is very few data published on the use of hydrogels for the delivery of cisplatin.
Most hydrogel studies are still in their preliminary stage focused on the in vitro release

of drugs over time using different types of hydrogels.

One study however has highlighted the possible benefits of using a hydrogel to deliver

cisplatin [144]. In this study, Konishi et al developed an injectable gelatine-based
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hydrogel and showed that when treating fibrosarcoma tumour bearing mice, the
survival rate of mice treated with hydrogel containing 40 pg of cisplatin had
significantly increased by 80% compared to those treated with free cisplatin at the
same dose [144]. Furthermore, pharmacokinetic studies showed that after
administration Pt levels in tumour were higher in the free cisplatin arm in the first 3
hours compared to the cisplatin-hydrogel arm, however, Pt levels were still detected
in the cisplatin-hydrogel arm after 2 weeks compared to free cisplatin which was
neglible for Pt content. Toxicity studies found no significant difference in weight loss
and hematotoxicity between the groups of mice receiving the cisplatin-hydrogel and

free cisplatin [144, 145]

Although research using hydrogels as a delivery system for cisplatin is still in its early
stage, these results have highlighted some valuable benefits of using hydrogels and

have set a platform for future studies.

1.1.10.3 Macrocyclic Cucurbit[n]urils

Macrocycles are currently under investigation as drug delivery systems. They are
defined by the International Union of Pure and Applied Chemistry (IUPAC) as cyclic
macromolecules, and unlike other types of drug delivery systems such as liposomes,
dendrimers and carbon nanotubes, macrocycles show potential not only to sequester
drugs within their cavity but to also control the rate of drug release [146,147]. A
number of macrocycles have shown potential in drug delivery all of which protect the
drug from degradation, increase the drug’s solubility and shell life, however, only three
of them: cucurbit[n]urils (CBI[n]), cyclodextrins and calixarenes, have been studied

extensively [147].
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Cucucrbit[n]uril are a family of macrocyclic compounds that are capable of binding
small molecules within their cavity [146, 148]. Over the past few years they have been
studied in the laboratory as drug delivery systems and various drugs have been
encapsulated within their cavity including: cisplatin, paracetamol, memantine,

coumarin, prilocaine, and sanguinarine [148-151].

Cucurbit[n]uril was first synthesised by Behren et al in 1905 by the acid condensation
reaction between glycoluril and formaldehyde, but it was not until the late 1980s that
their structure was elucidated by Mock et al. [148-151]. The macrocycle was named
cucurbit[n]uril for its physical resemblance to a pumpkin (which belongs to the

cucurbitaceae family) (Figure 1.9) [151].

Structurally, CB[n]s contain two hydrophilic carbonyl-lined portals and a hydrophobic
interior. The n in CB[n] represents the number of glycoluril repeats within the
macrocycle. To date the CB[n] family consists of CB[5], CB[6], CB[7], CB[8]
,CB[10], and CBJ[14], a CB[n] composed of 9, 11 and 12 glycoluril repeat units have
yet to be isolated [151, 152]. All cucurbit[n]urils share a common height of 9.1 A, and
their internal cavity volumes ranges are 82, 164 , 279, 479 and 870 A as the glycoluril
units (n) increases respectively (CB[14] does not have a normal cavity like the other

CB[n] and has the appearance of a folded, figure of eight conformation) [151].
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Figure 1.9. Image of an x-ray crystal structures of CB[5], CB[6], CB[7] and CB[8]. The
top panel is a bird view image of the CB[n] cavity sizes and the bottom panel is a side view
image. Colour codes; carbon (grey), nitrogen (blue), oxygen (red). Taken from
http://en.wikipedia.org/wiki/Cucurbituril.

The most commonly used cucurbit[n]urils in drug delivery are CB[6], CB[7] and
CBJ[8]. Studies have shown that the cavity of CB[5] is too small to incorporate drugs

and the cavity of CB[10] is too large for prolonged drug encapsulation [153].

NMR, X-ray crystallography and molecular modelling studies have shown that guests
can be fully or partially encapsulated within the CB[n] cavity. Drug encapsulation is
achieved via ion-dipole interactions, formation of hydrogen bonds between the
hydrogen atoms of the guest molecules and the oxygen atoms at the portals of the
CBIn], or by hydrophobic interactions between guest molecule inside the cavity [148,

151, 154, 155, 160-162].
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There are many advantages associated with using CB[n]s as drug delivery vehicles.
Studies have shown that the encapsulation of a drug within the cavity of a CB[n]
shields the drug from premature degradation, hydrolysis, sulfation and prevents the
unwanted interaction of drug with proteins [145, 147, 151, 153]. Encapsulation has
also been found to increase the drug’s solubility and decrease its toxic side effects due

to controlled drug release [147-153, 157] .

1.1.10.3.1 Cucurbit[7]uril as a Cisplatin Drug Delivery System

Cucurbit[7]uril has shown promising potential as a platinum drug delivery vehicle.
Recent in vivo studies by Wheate et al, have shown that the encapsulation of the
dinuclear platinum drug BBR3571 by CBJ[7] increased the drug’s MTD (maximum
tolerated dose) in mice by 70% from 0.1 mg/kg to 0.45 mg/kg and that the encapsulated
complex was just as active as the free drug. In a separate study, although the
encapsulation of cisplatin by CB[7] showed no change in cisplatin’s in vitro
cytotoxicity in the human ovarian carcinoma cell line A2780, it showed significant
effect on in vivo cytotoxicity in a human tumour xenograft model where it overcame

acquired resistance via a pharmacokinetic effect [154-156].

For any possible future use of CB[n], in the clinic as drug delivery vehicles, they must
not only demonstrate that they are able to increase the efficacy of the encapsulated
drug and/or decrease their associated side effects, but they must also demonstrate that

they are themselves inert and non-toxic.

Fortunately, a number of studies have shown that CB[7] has no in vitro or in vivo

toxicity. In a recent study at concentrations of up to 1 mM, CB[7] demonstrated no
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toxicity in a range of human cell lines including: the human A549 non-small lung
cancer, SKOV-3 ovarian cancer, SKMEL-2 melanoma, XF-498 brain cancer and
HCT-15 human colon cancer [152, 153]. Also, when delivered intravenously at a dose
of 250 mg/kg, CB[7] showed little sign of toxicity (only a body weight loss of 5%,
four days after injection) [155-157]. In a separate study an in vivo intravenous
administration of CBJ[7] showed no toxicity up to 200 mg/kg and when administered
as a fast injection and at higher doses (200-250 mg/kg) mice went into a shock- like
state [152]. These results highlight the potential use of CB[7] in cancer therapy as a
method of increasing drug bioavailability and efficacy while not inducing any side

effects.

1.1.10.3.1.1 Binding of Cisplatin@CB[7]

Molecular models of how cisplatin is encapsulated within CB[7] have been predicted
from *H NMR and %Pt NMR spectrums. The most energetically favourable binding
mode seems to occur with the platinum atom and the two chloride ligands of cisplatin

located within the cavity of CB[7] (Figure 1.10 a).

Figure 1.10. Molecular model image of the preferred binding mode of cisplatin to CB[7]. A)

molecular model showing the chloride ligands of cisplatin (green) are pointing into the cavity and

b) the four hydrogen bonds (dashed lines) from cisplatin’s ammine hydrogen atoms to the CBJ[7]

carbonyl oxygen atoms. [108]
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In this manner of binding, four hydrogen bonds operate between the ammine
hydrogens of cisplatin and the oxygen of the CB[7] portal carbonyl groups (Figure
1.10). These hydrogen bonds have been calculated to have lengths of 2.15, 2.22, 2.38

and 2.11 A that stabilise the encapsulation [108, 153]

1.1.11 Aim of The Thesis

Cisplatin still remains the mainstay of cancer therapy despite its severe dose limiting
side effects and the emergence of cisplatin resistant cancer cells. Over the years,
scientists have been encouraged to develop methods that enhance the efficacy of
cisplatin through increasing its bioavailability, decreasing its toxic side effects and
circumventing drug resistance. One such approach which has shown some success is

the reformulation of drugs by their encapsulation within drug delivery systems.

Various studies have shown the potential of using CB[n] as a drug delivery system for
cisplatin in the treatment of cancer, however, more information is needed regarding
the toxic side effects of CB[n] and cisplatin@CBJ[n] (cisplatin encapsulated by
cucurbit[n]urils) before they can be used clinically. Furthermore, there are no
published research that investigate the effect of a two layered drug delivery system for

the delivery of cisplatin.

The practical work of this thesis is divided into two sections:

a) In the first section a novel implantable hydrogel has been developed for the delivery

of cisplatin and cisplatin encapsulated by CB[7]. In this section titled “A gelatine and
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PVA-based implantable hydrogel for the delivery of cisplatin and cisplatin

encapsulated by cucurbit[7]uril” the focus is to:

e Design of a novel implantable polymer-based hydrogel for the delivery of
cisplatin and cisplatin@CB[7].
e Study the swelling and drug release rates of hydrogels with different polymer

content to find the optimal hydrogel for in vivo studies.

e Study the in vitro efficacy of cisplatin and cisplatin@CBJ[7] loaded hydrogels.

e Study the in vivo efficacy of cisplatin and cisplatin@CB[7] loaded hydrogels.

b) The second section of this thesis is titled “The neurotoxic, neuromyopathic and
cardiotxic effects of platinum —based drugs and macrocyclic delivery systems”, and

the aims of this section includes:

e To Investigate the ex vivo neurotoxic, neuromyopathic and cardiotoxic activity
of various platinum-based drugs using the mouse sciatic nerve, chick biventer

cervicis muscle and rat heart atria preparations, respectively.

e To investigate the ex vivo neurotoxic, neuromyopathic and cardiotoxic activity
of various macrocycles using the mouse sciatic nerve, chick biventer cervicis

muscle and rat heart preparations, respectively.

e Study the effect of the encapsulation of cisplatin by CB[7] on cisplatin’s ex
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Vivo neurotoxic, neuromyopathic and cardiotoxic activity.
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Chapter 2

A Gelatine and PVA-Based Implantable
Hydrogel for the Delivery of Cisplatin and
Cisplatin Encapsulated by Cucurbit[7]uril.
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2.0 Implantable Hydrogels

The delivery of drugs for pharmaceutical and medical applications is usually achieved
through the use of topical, intravenous or oral routes such as sprays, injections and
tablets [165, 166]. These systems must deliver the correct therapeutic dose of the drug
in an efficient manner; that is in a way that maintains the optimal concentration of drug

within the bloodstream for a reasonable period of time [165, 166.

The intravenous route is by far the most common method of anticancer drug delivery
[165]. However, drugs are prone to early proteolytic degradation at the injection site,
therefore creating a short drug plasma circulation time [165]. In order to maintain drug
effectiveness another dose of drug is usually required, however, multiple daily
injections decrease patient compliance and an increased drug dose induces severe toxic

side effects [165, 166].

Over the past few decades controlled drug delivery systems such as implantable
hydrogels have emerged in which drug release can be controlled and maintained over
a long period of time [167, 168]. Hydrogels were introduced in the late 1960s and since
then have had many applications across various scientific fields ranging from food
additives to tissue engineering and biomedical implants [168]. They can be easily
formulated into a variety of physical forms such as; slabs, nanoparticles,
microparticles, coatings and films, and are now under investigation as controlled drug

delivery systems in the treatment of cancer [168].
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2.1 Hydrogel Drug Loading
Hydrogels have a unique physical property of high porosity that can be easily tuned

by controlling the density of polymer cross-links in the matrix [169-172]. This has
labelled hydrogels as a class of “intelligent” drug delivery systems, because the
porosity allows drug uptake and subsequent drug release at a rate dependent on the

diffusion coefficient of the drug molecule through the gel matrix [169-172].

The ability to load and release drugs from the hydrogel matrix depends on a variety of
factors. This includes the number and dimensional size of the hydrogel pores as well
as the size and charge of the drug to be loaded [167, 174]. Hydrogels with higher
polymer concentrations are physically stronger, stiffer, with smaller pore sizes and
slower drug release as a result of the high cross-linking network produced [166, 169].
Drug release from hydrogels can be triggered by physical or chemical changes and
complete drug release time can be anywhere from hours, to months, to years [166, 171,
175]. There are three main methods reported by which hydrogel drug encapsulation

occurs; through permeation, entrapment and covalent attachment [165, 167, 172, 173].

2.1.1 Drug Loading by Permeation, Entrapment and Covalent Interactions

Drug permeation involves submerging a fully formed hydrogel into medium saturated
with the drug. Depending on the type of hydrogel, the size of its pores, size and charge
of drug, the therapeutic will slowly diffuse into the gel over a period of time. The drug
release profile for this loading approach shows a rapid release of drug at the first stages
of hydrogel swelling. This has been reported to be as high as a 70% drug loss [166,

167, 172, 176].
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In the entrapment method the drug is mixed with the polymer solution before gelation
takes place. Both hydrophilic and hydrophobic molecules can be loaded and a
moderate drug release profile that lasts between days to months has been reported

[166,167, 177].

Drugs that are covalently linked to hydrogel polymers require an enzymatic reaction
to cleave the drug from the polymer or to degrade the hydrogel. In this case, the
hydrogel must be chemically or enzymatically degraded before the drugs can be

released [166,167,178].

2.1.2 Importance of Hydrogel Polymer Composition on the Rate of Drug Release

A major advantage that hydrogels possess is that drug release from their matrix can be
controlled through tailoring the hydrogel’s polymer concentration. Polymeric
controlled release formulations offer a sustained release mechanism in which the rate
of drug release can be controlled by substituting polymers with lower molecular
weights with those that have higher molecular weights such as PLGA (Poly lactic
glycolic acid) or by increasing the polymer concentration within the hydrogel. VVarious
studies have shown that by modifying the polymer composition of the hydrogel, slower
swelling and degradation rates can be achieved and thus subsequent slower drug

release rates [179-181].

Both hydrophilic and hydrophobic polymers can be used to design hydrogels, however

care must be taken when choosing these polymers as hydrophobic polymers can induce

detrimental effects to the encapsulated drug/peptide/protein and may trigger host
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immune responses. Whereas on the other hand, hydrophilic polymers provide mild

network fabrication and can also trigger a host immune response [169, 171, 177, 179]

Hydrogels can be prepared from either natural or synthetic polymers. Although
hydrogels made from natural polymers may not provide sufficient mechanical
properties and may evoke immune or inflammatory responses as they can contain
pathogens, they offer several advantages over synthetic polymers including
biocompatibility, biodegradability and biologically recognisable moieties that support

cellular activities [169, 171, 177-179].

2.1.3 Focus of This Study: An Implantable Hydrogel for the Delivery of Cisplatin

Due to the above reasons, and because there have been no previous investigations on
implantable hydrogels for the delivery of cisplatin, two natural polymers where chosen
to design an implantable hydrogel for the delivery of cisplatin. The effect of different
polymer compositions on drug release was investigated in vitro in order to choose the
optimal hydrogel for in vivo anti-tumour studies. Furthermore, a two layered drug
delivery system consisting of cisplatin encapsulated by CB[7] and it’s further
encapsulation within a hydrogel was developed and examined for its anti-tumour effect
compared to cisplatin encapsulated by hydrogel. The effect of a two layered delivery

system for cisplatin has not previously been examined and thus is of novel interest.

Nude mice bearing human tumour xenografts were used in this PhD research to

investigate the anti-tumour efficacy of drug loaded hydrogels. In the following section
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a brief overview of nude mice and why they are considered as good and predictive

models for anticancer drug activity is explained.

2.1.4 The Use of Nude Mice in Cancer Research

Since its discovery in 1966, the mutant nude mouse has been an invaluable tool in both
the study of the molecular mechanisms of cancer and in the development of new

anticancer drugs [183-185].

The existence of the nude mouse is a result of a mutation in the FOXN1 (forkhead box
protein N1) gene that leads to two major defects: abnormal hair growth and a defective
thymus [185-187]. Although the mice appear hairless (hence the name “nude”), they
are born with functional, but faulty hair follicles, and the development of a defective
thymus results in a lack of cell mediated immunity [187]. Nude mice do not have T
cells and are therefore unable to defend themselves against bacterial or viral infections,
malignant cells, synthesise most antibodies or reject tissue grafts [186-190]. The
adaptive immune response of the nude mice is so limited that they accept grafted tissue
from other species (xenografts) [189-190]. This makes them an excellent host for

cancer research, as they allow for the study of human tumours within them [186-190].

Various types of human tumours have been transplanted into nude mice over the past
15 years, including: brain, colon, skin, lung, ovarian, prostate and lung tumours,
however, not all tumours can grow in nude mice [185, 190]. Tumour growth has been
found to depend on the origin, type, inoculation site, and age of the mouse amongst

other factors [190].
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2.1.4.1 Human Tumour Xenografts as Predictive Models for Anticancer Drug
Activity

Numerous murine models have been developed over the years to study human cancers
and the factors involved in its malignant transformation, invasion and metastasis as
well as the response to tumour cells to novel therapeutic agents [185, 191-194] . One
of the most widely used methods is the human xenograft model. In this model human
tumour cells are transplanted into nude mice [191]. Depending on the number of cells
injected, or the size of the tumour transplanted into the mice, the tumour can take
between a week to months to grow, and the response of the tumour to specific

chemotherapeutic drugs can be studied [191, 194].

Several advantages are associated with the use of human tumour xenografts to study
the therapeutic response of an agent; most importantly, the ability to use actual human
tumour tissue which features the complex genetic and epigenetic abnormalities that
exist in human tumour populations. In addition, multiple therapies can be tested from
a single tumour biopsy and results can be obtained in a matter of days to weeks

regarding response to therapy [195].

The main types of responses to therapy that are studied using a human tumour

xenograft model include: effect of the therapy on the tumour growth rate, tumour

shrinkage and overall survival rate [191-196].
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2.1.5 Aims of This Chapter

e Design of a novel implantable gelatine and polyvinyl alcohol based hydrogels
for the delivery of cisplatin and cisplatin@CBJ[7] (cisplatin encapsulated

within CB[7]).

e Study the swelling and drug release rates of hydrogels with the same gelatine
content but different polyvinyl alcohol content (0% to find the optimal

hydrogel for in vivo studies.

e Study the in vitro efficacy of hydrogels with different polymer content on

human ovarian A2780 cells and their cisplatin resistant A2780/CP70 sub-line.

e Study the in vivo efficacy of a hydrogel containing cisplatin@CBJ[7] compared

to free cisplatin in nude mice containing A2780/CP70 xenografts.
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2.2 Materials and Methods
2.2.1 Materials

2.2.1.1 Materials used in the preparation of hydrogels
Cisplatin, PVA (polyvinylalcohol) and gelatin were bought from Sigma-Aldrich.

Cucurbit[7]uril was bought from Dr Anthony Day, University of New South Wales,

Australia.

2.2.1.2 Materials used in the In Vitro Hydrogel Toxicity Studies

The human ovarian cell lines A2780 and CP70 and the colon HCT 116 cell line were
obtained from Invitrogen® and the cisplatin resistant ovarian cell line A2780/CP70
was derived in house at the Beatson Cancer Institute, Glasgow from an A2780 line
obtained from Dr R.F. Ozols (Fox Chase Cancer Centre, Philadelphia, PA). Cells
were maintained in Roswell Park Memorial Institute medium (RPMI, invitrogen)
supplemented with 10% heat inactivated fetal caff serum, and 1% L-glutamin. Cells
were maintained in 5% CO; at 37°C and sub-cultured every 3-4 days to maintain

growth.

2.2.1.3 Materials used in the In Vivo Hydrogel Anti-tumour Efficacy Study

CD-1 ® athymic nude mice were obtained from Charles River laboratories and were
housed in a sterile environment in the biological services unit at the Beatson Institute
of Cancer Research. Animal studies were carried out under an appropriate United

Kingdom Home Office Project License, and all work was conformed to the UKCCR

guidelines for the welfare of animals in experimental neoplasia.
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2.2.2 Methods

2.2.2.1 Synthesis of cisplatin@CB[7]

Equimolar quantities of cisplatin and CB[7] were stirred in distilled water in a beaker
at room temperature until fully dissolved. The resultant solution was then transferred
into a round bottom flask and rotary evaporated to dryness. The remaining powder
(cisplatin@CB[7]) was then scrapped off from the round bottom flask and transferred
into a vial for future use. The binding of cisplatin to CB[7] was confirmed by nuclear
magnetic resonance (NMR) and the molecular weight confirmed by mass
spectrometry. This was done in collaboration with the chemistry department at

Strathclyde University.

2.2.2.2 Hydrogel Synthesis

Polyvinyl alcohol (0, 2 and 4% wi/v) was dissolved in 10 mL of water with stirring at
130 °C. When fully dissolved, 960 mg of gelatin was added and the mixture was
allowed to stir for a further 2 h at 90 °C. The mixture was poured into molded plastic
tablet strips and then cooled to room temperature, at which time the formulation turned
semi-solid. Samples were stored at 4 °C until needed. To prepare cisplatin and
cisplatin@CB[7] hydrogels, the PVA and gelatin mixtures were dissolved in water
containing the desired concentration of drug then poured into molded plastic tablet
strips that had dimensions of either 4 x 7 mm for in vitro studies or 5 x 10 mm for in

vivo studies and then cooled to room temperature.
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2.2.2.3 In Vitro Hydrogel Swelling

Hydrogel swelling was monitored over a 7 day period. Hydrogels of a homogenous
volume containing 0, 2 and 4% PV A were placed in 200 mL phosphate buffered saline
(PBS) in a beaker at room temperature. The extent of swelling was monitored by
recording the weight of the hydrogels at specific hourly intervals until the hydrogels
dissolved and could no longer be weighed (six days). Each hydrogel had an n of 4 and

the average weight was calculated with SEM.

2.2.2.4 Hydrogel Surface Imaging

The hydrogels were placed on a glass strip and examined under a DXR Raman
microscope at 100 times magnification. The pore sizes were analysed and measured

using the pView PC computer program. Only one hydrogel sample was used for each

group.

2.2.2.5 In Vitro Drug Release

Hydrogels of 0, 2 and 4% PVA containing 3 mM cisplatin were incubated in 200 mL
of PBS at room temperature in a closed glass container. At hourly intervals for a period
of five hours, 5 mL of solution was extracted and its platinum content determined by
inductively coupled plasma mass spectrometry (ICP-MS) in collaboration with the
chemistry department at the University of Strathclyde. An Agilent 7700X instrument,
with a micromist nebuliser and an octapole collision cell, was calibrated using
solutions prepared from a Spex CertPrep platinum standard at concentrations ranging
from 0 — 1000 ppb, containing 2% nitric acid. The platinum drug concentration was
determined using the °°Pt isotope. Instrument operating conditions used were 1,550

W RF forward power, 0.85 L min plasma carrier gas flow, 0.2 L min™ makeup gas
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flow, 4.6 mL min helium gas flow in the collision cell and 0.1 rps for the nebulizer
pump. Sample depth was 8 mm, sample period was 0.31 s and integration time was
0.1 s. A Calibration curve between the instrument response and actual known
concentration of the analyte was produced. Quantitation was based on linear regression
analysis. Correlation coefficient greater than 0.99 (r > 0.99) was accepted for each

standard curve.

2.2.2.6 Effect of Hydrogel on In Vitro Cytotoxicity
Cisplatin resistant cells (A2780/CP70) were seeded into 24 well plates at a density of

900 cells per well and allowed to attach and grow for 48 h before drug treatment. Cells
were then exposed to either 0, 2 and 4% PVA hydrogels containing either 1 mM
cisplatin or 1 mM cisplatin@CB[7] for 24 h at 37°C under a 5% CO. atmosphere. The
medium containing drug was then removed and fresh medium was supplied to the cells
and re-incubated for a further 72 h. On the final day, dead cells were washed away
with cold PBS, and the remaining cells fixed with methanol and stained with crystal
violet blue. Cells were then dissolved in DMSO and the fluorescence reading of each

plate was measured at 590 nm.

2.2.2.7 In Vivo Effectiveness of Hydrogels

For the A2780/CP70 xenografts, monolayer cultures cells were harvested with
trypsin/EDTA (0.25%/1 mM in PBS), cells were then collected and centrifuged at
300g for 5 minutes. The supernatant was then discarded and the cell pellet was re-
suspended in sterile PBS to achieve a concentration of 5-10 x 107 cells per 100pL.
Between 100-200uL of the cell suspension was then injected subcutaneously into the

flank of immunodeficient nude mice using a 1 mL syringe with 23G needle. Mice were
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inspected once every 2-3 days for general welfare and tumour growth. Once the mean
diameter of the tumours had reached > 0.5 cm mice were randomised into groups of
six for experiments. Mice were then treated with either an intraperitoneal dose of
saline, cisplatin (150 pg) or with a 2% PVA hydrogel containing either free cisplatin
(30 pg) or cisplatin@CB[7] (30 pug). To implant the hydrogels a small incision was
made in the skin of the mice near the tumour, the hydrogels were placed under the
skin, which was then resealed with a clamp. Mice were weighed daily and tumour
volumes were estimated by calliper measurements assuming spherical geometry
(volume = d® x m/6), where “d” is the mean of the two perpendicular diameters. This
study was completed in collaboration with Dr Jane Plumb and this type of tumour
measurement was performed as it was standard practice within the Beatson Institute

of Cancer Research.

2.2.2.8 Statistics

Significant differences between groups were identified by ANOVA (analysis of
variance) and Bonferroni’s multiple comparison post-tests. The significance level of
individual differences was determined by Student’s- t- test. A statistical significant

difference was deemed to be present when p < 0.05.
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2.3 Results

2.3.1 Cisplatin@CBJ[7] Binding
The binding of cisplatin to CB[7] was confirmed by tHNMR. Results show that when

cisplatin is added to CB[7] there is a division of the CB[7] peak resonance at 5.6 ppm
(parts per million). This is split into two peaks; one peak is shifted at 5.63 ppm and
one downfield at 5.55 ppm (Figure 2.3.1). Additionally, the CB[7] doublet peak at
4.2 ppm splits in a similar manner. These splitting of the CB[7] resonances indicate

that cisplatin is encapsulated by CB[7] as previously reported by Collins et al [108].
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Figure 2.3.1. Confirmation of cisplatin binding within CB[7]. *HNMR spectra of a)

cisplatin@CBJ7] and b) CB[7]. The CB[7] resonance spike at 5.66 ppm and 4.2 ppm is split into
two spikes in the addition of cisplatin confirming binding of drug to macrocycle.
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2.3.2 Hydrogel Synthesis
Hydrogels were synthesized by dissolving PVA in hot water (130 °C) containing drug.

Once fully dissolved, gelatin was then added to the mixture. The resultant solutions
were then poured into plastic tablet strips and subsequently cooled to room temperature
(bench top) which resulted in semi-solid, transparent hydrogels (Figure 2.3.2). Each
hydrogel had either dimensions of 4 x 7 mm which were used for swelling,
disintegration, drug release and for in vitro studies or 5 x 10 mm which were used for
in vivo studies. Three types of hydrogels all containing gelatin but with varying
concentrations of PVA: 0, 2 and 4% w/v, were synthesised. The hydrogels were stored

in the freezer (4 °C) until required and then thawed for 2 hours before use.

Figure 2.3.2. An example of a PVA and gelatin based hydrogel. Red dye was used for
imaging purposes only (top panel) and the plastic tablet strip used in moulding the

hydrogels (bottom panel).
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2.3.3 Hydrogel Swelling

Hydrogel swelling was examined in PBS by measuring the mass of each individual
hydrogel over a seven day period. The results (Figure 2.3.3) indicates two sequential
events taking place. Initially the hydrogels swell with water growing up to 227% of
their original size (0% PVA swelled by 227 + 13.6% by 24 hr, 2% PVA swelled by
183.7 + 3.3% by 48 hr and 4% PVA by 205 + 13.9% by 96 hours). At their maximum
size a tipping point is reached and the absorption of more water results in the gradual
disintegration of the hydrogel until it loses all of its physical structure (the hydrogel

slowly dissolved until it could not be lifted from solution using a spatula).
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Figure 2.3.3. The rate of hydrogel swelling in PBS. Hydrogels of different PVA content; 0%
PVA (blue), 2% PVA (red) and 4% PVA (green) where immersed in PBS solution and their
weight was monitored every 24 hours over a period of six days. Results are expressed as the
means + SEM (n =3). Statistical one way Anova with Bonferroni’s multiple comparison post-
tests was performed.

Even within the first three hours differences in the swelling rates between the three

hydrogels can be observed (Figure 2.3.3). The gel with no PVA has a swelling peak

time of 24 hours after which it disintegrates over the next three days. The gel with 2%
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PVA swells for twice as long (48 hours) but disintegrates over the same length of time
(three days). The gel which contains 4% PVA displays the longest peak swelling time
of 3.5 days and has not fully disintegrated even by day six. The results show a clear
correlation between the amount of PVA and the rate of its swelling and disintegration
in that hydrogels with higher PVA content took the longest to swell and disintegrate.
Bonferroni’s multiple comparison post-tests was performed and showed that all
hydrogels were statistically significant to each other p < 0.05 for (0% PVA vs 2%

PVA, 0% PVA vs 4% PVA and 2% PVA vs 4% PVA).

2.3.4 Hydrogel Drug Release

Hydrogels with either 0, 2 or 4% w/v PVA and with an effective drug concentration
of 3 mM were incubated in PBS at room temperature at intervals for up to 5 hours.

Drug release is observed within 10 minutes and continues over the next 5 hours (Figure

2.3.4).
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Figure 2.3.4. Rate of drug release from hydrogels with different PVA concentrations .The
drug release rates from hydrogels containing different PVA content: 0% (blue), 2% (red) and
4% (green) PVA incubated in PBS over a period of 5 hours. The results are expressed as mean
+ SEM (n = 3). Statistical one way Anova with Bonferroni’s multiple comparison post-tests

was performed.
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From figure 2.3.4 it can be seen that there was a statistically significant difference
between the different gel compositions; by the end of the experiment hydrogels with
0% PVA released 94.8 + 15.3 pg/l, 2% PVA hydrogel 129.4 + 11.9 pg/l and 4% PVA
76 + 3.27 pg/l of cisplatin. Bonferroni’s multiple comparison post-tests was
performed and showed statistical significance in the amount of drug released between
0% PVA and 2% PVA (p < 0.05) and 2% PVA vs 4% PVA (p < 0.05) while no

significant difference was found between 0% PV A vs 4% PVA (p > 0.05).

Figure 2.3.3 also shows that the 4% PV A hydrogel followed the same trend as the 0%
PVA and 2% PVA hydrogel in the first hour, in which there is a similar level of drug
release; however, compared to the 0% and 2% PV A hydrogels which show a continued
and gradual increase of cisplatin release, the 4% PV A hydrogel reaches its peak drug
release at one hour after which drug release in the solution does not increase. This
could be a result of the much slower swelling and disintegration of the 4% PVA
hydrogel compared with the other hydrogels. No statistically significant difference is
observed in the amount of drug that is released between the 0 and 4% PVA hydrogels

over the 24 hour period.

2.3.5 Hydrogel Surface Features

The swelling, disintegration and drug release results may possibly also be explained
in part by the varying porosity of the hydrogels with different PVA concentrations.
From optical microscope images of intact hydrogels, significant surface differences
are observed for each hydrogel with the average surface indentation size decreasing
with increasing PVA content (Figure 2.3.5). The surface of the 0% PVA hydrogels is

characterised by a small number of very large indentations with diameters between 38
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- 45 um. In contrast, the 2% PV A hydrogels have many more indentations but they are

considerably smaller; 4 - 11 um in diameter. The 4% PVA hydrogels show almost a

perfectly smooth surface with few indentations which average less than 1 um in size.

Figure 2.3.5. Surface features of hydrogels. Optical microscope images of (a) 0% PVA, (b)
2% PVA and (c) 4% PVA demonstrating the differences in surface features between the

hydrogels.

2.3.6 In Vitro Efficacy of Cisplatin and Cisplatin@CBJ[7] Loaded Hydrogels
The effect of the hydrogels on the cytotoxicity of free cisplatin and cisplatin@CBJ[7]

was determined using in vitro growth inhibition assays with A2780/CP70 cisplatin-
resistant ovarian carcinoma cells. Unlike conventional in vitro assays which use 96
well plates, the hydrogels were examined using 24 well plates. For each plate,
individual hydrogels were placed inside a permeable insert, which were then fully
submerged into separate wells. Each well contained the cancer cells and media (Figure

2.3.6). As media is absorbed by the hydrogels within the insert, they slowly swell and
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disintegrate, releasing the drug to the outer well where it could then be taken up by the

cancer cells.
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Figure 2.3.6. Images of the hydrogel well inserts. Examples of the 24 well plates used to
examine the in vitro cytotoxicity of the hydrogels showing the inserts with inlet channels
containing a hydrogel (left panel) and the outer wells with just media in the first column
and with fully submerged hydrogel containing inserts in the second, third and fourth

columns of the plate (right panel).

On the final day of the experiment, dead cells were washed away and the remaining
cells fixed with methanol and stained with crystal violet blue (Figure 2.3.6.1). Cells

were then dissolved in DMSO and the absorbance reading of each plate was recorded

at 590 nm.
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Figure 2.3.6.1. Image of the crystal violet blue stained cells after treatment with various
concentrations of PVA based hydrogels containing either 1 mM cisplatin or 1mM
cisplatin@CB[7].
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Cytotoxicity is expressed as the cell viability as a percentage of growth inhibition

compared with untreated cells (Figure 2.3.6.2).
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Figure 2.3.6.2. Rate of cell growth inhibition induced by hydrogels of different PVA
concentrations. Graph showing the relative growth inhibition of ovarian A2780/CP70 cells
by hydrogels of different PVA content (0%, 2% and 4%) containing either 1mM of cisplatin
or 1mM cisplatin@CBJ[7] compared to untreated cells. Results are expressed as mean *
SEM (n = 4). Statistical two way Anova with Bonferroni’s multiple comparison tests was

performed.

The results (Figure 2.3.6.2) show that as the PVA concentration increases the number
of cells killed decreases. This could be the result of a slower drug release system
developed; as the PVA concentration increases, the slower the swelling and

disintegration of the hydrogel and thus the slower release of drugs.

Hydrogels containing 0% PVA induced the highest cytotoxicity by inhibiting cell

growth by 82.1 + 0.01% in the cisplatin arm and by 81.2 + 0.003% in the

cisplatin@CB[7] arm. In comparison, hydrogels containing 2% PVA showed a

69



moderate inhibition of cell growth by 51.7 + 0.04% in the cisplatin arm and by 42 +
0.02% in the cisplatin@CB[7] arm, whereas hydrogels containing 4% PVA released
the smallest amount of drug and induced an inhibition of cell growth by 23 + 0.03%
in the cisplatin arm and 19 + 0.01% in the cisplatin@CB[7] arm. Post Bonferroni’s
multiple comparison post-tests was performed and showed that hydrogels of 4% PVA
containing either cisplatin or cisplatin@CBJ[7] were significantly more cytototoxic
than hydrogels of 0% PVA and 2% PVA containing cisplatin or cisplatin@[CB7],
respectively (p < 0.05). However, statistical analysis also showed that there was no
significant difference between the cytotoxicity of cisplatin compared to
cisplatin@CB[7] of the same hydrogel PVA content. For example 4% PVA hydrogels
containing cisplatin showed no significant difference in cytotoxicity compared to 4%
PVA hydrogels containing cispaltin@CB[7]. These results are consistent with earlier
in vitro studies conducted by Dr Jame Plumb at the Beatson Institute that showed there
was no comparable difference in the in vitro cytotoxicity of free cisplatin compared to
cisplatin@CB[7]. In this study Plumb et al calculated that the ICso of cisplatin in the
A2780/CP70 cells was 0.11 + 0.01 pM, and for cisplatin@CBJ[7] it was 0.09 + 0.01
MM. Overall, the results in this study show that by increasing the hydrogel PVA

content, fewer cells are killed as a result of a slow drug release system developed.

2.3.7 In Vivo Anticancer Efficacy of Cisplatin and Cisplatin@CB[7] Loaded
Hydrogels

To examine the in vivo antitumour effectiveness of the hydrogels, nude mice bearing
A2780/CP70 xenografts were treated with saline, intraperitoneal free cisplatin (150

pg) and two different implantable hydrogels which both contained 2% PV A and either
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free cisplatin (30 pug) or cisplatin@CBJ7] (equivalent to 30 pg of cisplatin). In order
to limit the number of animals required for this study only hydrogels of 2% PV A were
chosen. From the previous in vitro studies, 0% PVA hydrogels exhibited a too fast
drug release system and 4% PVA a too slow release system, therefore a moderately

slow system was chosen.

Due to the slow release nature of the hydrogels, their effect on tumour growth delay
was monitored over a period of two weeks. Because the xenograft is highly cisplatin
resistant a high intravenous dose of cisplatin (150 pg per animal) was needed to delay
tumour growth significantly (tumour grew to only 42% size of the control tumours
over the same time period). With an average body weight of 25 g per animal each
hydrogel implant gives a total drug dose of ~ 1.2 mg/kg, which is well below the
maximum tolerated dose of cisplatin in this bred of animal. As such, the hydrogels
were well tolerated by the mice with no significant change in body weight in the first

two days after implantation.

Figure 2.3.6 shows the anti-tumour effect of each arm of this study (control, free

cisplatin, 2% PVA hydrogel containing cisplatin and 2% PVA hydrogel containing

cisplatin@CB[7]) on the A2780/CP70 xenograft.
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Figure 2.3.6. The in vivo anti-tumour effect of hydrogels containing cisplatin and
cisplatin@CBJ7]. The graph represents the in vivo cytotoxicity of hydrogels against the human
ovarian A2780/CP70 cisplatin resistant tumour xenograft, showing: saline control (dark blue,
diamond), intraperitoneal free cisplatin 150 ug (red, square), cisplatin in 2% PVA hydrogel
30 (purple, cross) ug, cisplatin@CB[7] in 2% PVA hydrogel (light blue, cross). Results are
expressed as mean + SEM (n = 6). Statistical two way Anova with Bonferroni’s multiple

comparison tests was performed.

Figure 2.3.6 shows that when free cisplatin is administered via a 2% PVA hydrogel
and at a dose of 30 pug per animal, there is no measurable delay in tumour growth
compared with the saline control. In contrast, at the same 30 g equivalent dose of
cisplatin, the cisplatin@CBJ 7] hydrogel complex has the same effectiveness as a high
dose of free cisplatin 150 pg. However, Bonferroni’s multiple comparison post-tests

showed that there was no significant difference in the tumour shrinkage efficacy of
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each arm (control, free cisplatin, 2%PVA hydrogel containing cisplatin and 2% PVA

hydrogel containing cisplatin@CB[7]) compared to each other (p > 0.05).

If the results were of statistical significance, this study would have demonstrated the
benefit of the slow release of cisplatin from the hydrogel using CB[7], as the delivery
of 30 pug of cisplatin@CB[7] by a 2% PVA implanted hydrogel is just as effective at
decreasing/delaying tumour growth as an intraperitoneal dose of 150 ug of free

cisplatin.
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2.4 Discussion

The experimental methods in this section were designed to study whether the
reformulation of cisplatin by using a two layered drug delivery system could increase
the anti-tumour efficacy of cisplatin through a slow release mechanism provided by
the implantable hydrogel and protection of drug from early degradation provided by

cucurbit[7]uril.

The ovarian cancer cell line A2780 and the cisplatin resistant derivative (A2780/CP70)
were chosen for these studies as they have been previously well characterised. The
A2780 cell line are sensitive to cisplatin and show a clear dose response to treatment
when grown as xenografts in nude mice. The cisplatin resistant cell line was
established by Dr Jane Plumb at the Beatson cancer Institute of Glasgow, the
mechanism of cell resistance to cisplatin was shown to be due to the loss of DNA

mismatch repair by the loss of MLH1 (MutL Homolog 1) gene expression.

In this study, implantable hydrogels made from gelatine and varying concentrations of
PVA (0%, 2% and 4% w/v) were synthesised as slow drug delivery systems for
cisplatin and cisplatin@CBJ7]. The results show that the hydrogel’s rate of swelling
and degradation is related to the hydrogel’s PVA concentration with hydrogels
containing the highest PVA concentration (4% wi/v) displaying the slowest swelling,
disintegration and release properties. When these hydrogels were loaded with
cisplatin, or with cisplatin@CB[7], they displayed in vitro cytotoxicity towards human
ovarian cisplatin-resistant cells A2780/CP70 dependent on their PVA content, with

0% PVA drug loaded hydrogels inducing the highest level of cytotoxicity because they
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released the drug the fastest rate (in the short time of the in vitro assay) and 4% PVA
hydrogels inducing the least cytotoxic effects as they released the drug the slowest. An
interesting objective to these results that was not taking into account during the
experimental procedure was whether cisplatin itself interacted with PVA and if this
was the reason to the low cytotoxicity. If cisplatin does bind to PVA, then the drug
would not be free to interact with the cell’s DNA or may have not even been able to
cross the cell membrane. Nuclear magnetic resonance would be an ideal technique to
study whether cisplatin interacts with PVA, there are currently no published data on

the interaction of cisplatin with PVA.

As a result of these in vitro results, hydrogels containing 2% PV A were selected for
further in vivo studies as they displayed a moderate rate drug release system. The in
vivo results demonstrated possible future success of using the hydrogel as a drug
delivery system; as a low dose formulation of cisplatin@CB[7] in the 2% PVA
hydrogel (30 pug per animal) was able to overcome resistance and was just as effective
at inhibiting tumour growth as a high intraperitoneal dose of cisplatin (150 pg per
animal). Overall these results suggest the possibility of using implantable gelatine and
PVA based hydrogels in the treatment of cancer using a much lower dose of drug
compared to the conventional treatment. The implications of this could lead to better
quality of life for patients during treatment or potentially greater effectiveness of the

drugs when administered at high doses.

Polymers such as PVA and gelatine have a long history of use in pharmaceuticals,

cosmetics and food products. These polymers are attractive as they are cheap, readily
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available, biocompatible, biodegradable, have low antigenicity and do not produce
harmful byproducts upon enzymatic degradation [31]. Although their use as material
for implantable hydrogels has not been studied in depth, PVA and gelatine have both
been under intensive investigation as materials for the preparation of nanoparticles
[31]. In a study by Chuoubi et al, nanoparticles made from gelatine and containing the
anticancer drug cytarabine were prepared [31]. The rate of in vitro drug release was
investigated and their results are similar with the results obtained in this chapter in that
the cross linking density of the gelatine was shown to have a significant influence on
drug release such that nanoparticles prepared with higher concentrations of gelatine
had a slower swelling and drug release rate [31]. This trend is also seen in a different
study in which gelatin nanoparticles containing 5-FU were prepared [32]. Naidu et al
studied the in vitro release of 5-FU from nanoparticles containing different
concentrations of gelatin. Their results showed that as the polymer concentration
increased the drug release was slower due to the slower swelling of the nanoparticle
[32]. Overall these studies show that drug release can be modified by tuning the

number of polymer crosslinks within the drug delivery vehicle used.

The initial scope of this hydrogel study was wider than what has been provided in this
thesis. It was planned that the pharmacokinetics and pharmacodynamics of cisplatin
when administered by the implantable hydrogels would be studied and compared to
free intraperitoneal cisplatin, as well as animal toxicity studies. However, due to
unforeseen reasons which involved the change in both first and second PhD
supervisors, this study could not be completed either at the Beatson Institute of Cancer

Research or at Strathclyde University.
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Therefore, in completion of this PhD, twitch tension experiments in collaboration with
Dr Edward G Rowan at Strathclyde University was undertaken. This collaboration
involved the novel study of the ex-vivo neurotoxic, neuromyopathic and cardiotoxic
activity of various platinum-based drugs and macrocylic drug delivery systems
(introduced in the next chapter of this thesis). Although this research is not in direct
correlation with cancer, the results derived show further benefits of using CB[7] as a
delivery system for cisplatin in that it significantly reduced the neuromyo- and
cardiotoxicity effects induced by free cisplatin. Due to the experimental design of these

ex-vivo studies, hydrogels could not be incorporated in this study.
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Chapter 3

The Neurotoxic, Neuromyopathic and Cardiotoxic
effects of Platinum-Based Drugs and Macrocyclic

Drug Delivery Systems.
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3. Toxicology

3.1 General Introduction

The word toxicology comes from the Greek word “toxicos” meaning “poisonous” and
is essentially the study of the adverse effects of chemicals on living organisms [197-
200]. Today, the majority of countries have developed laws and regulations that
control the marketing and licensing of new therapeutic drugs, which includes extensive

testing of their toxicology [198].

In general, a toxicity test is designed to generate data concerning the toxic effects of a
substance either in humans or animals [197-200]. Pre-clinical lab tests fall into three
categories: in vitro tests which involve the use of components of an organism that have
been isolated from their usual biological surrounding (most commonly cells), in vivo
tests which involve testing a chemical in a living animal in their normal state, and ex
vivo tests which are performed on functional organs that have been removed from the

euthanised intact animal [200].

3.1.1.1 In Vitro Assays in Toxicological Studies

In vitro tests are also known as “test tube experiments” and in toxicology involve the
analysis of the toxic effects of chemicals on cultured bacterial, mammalian and fungal
cells as well as viruses. In vitro assays are popular and are used routinely by all
industries in testing, risk evaluation and safety assessment, and they are usually the
first set of experiments performed to analyse the toxicity of a substance [197-201]. The
greatest advantages of using in vitro tests is for determining the biological processes

that are involved in a toxic response to a substance at the molecular level [200-202].
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They are cost and time effective, easy to handle, results are easily reproduced and there
are not associated ethical problems [198, 200]. However, in vitro methods cannot
duplicate the complex processes of a whole animal as the substance under examination
can accumulate and interact throughout the whole body [200-202]. Thus, in vitro
results cannot be fully relied upon to provide dependable results of the
pharmacodynamics and pharmacokinetics of a substance in the animal’s body and this

Is why whole animal studies are required.

3.1.1.2 In Vivo Toxicological Studies

“In vivo” is the Latin phrase for “within the living” and involves the administration of
a substance to a living animal, such as a mouse or a rat, to observe the overall effects
of the substance to the organism’s body. Advantages of using in vivo studies is that it
allows for specific details on drug pharmacokinetics and pharmacodynamics to be
studied which cannot be conducted in in vitro or ex vivo studies [198, 200, 202]. Also,
pharmacological effects in animals can be similar to that of humans, and thus in vivo
studies, can be relied on for semi-accurate predictions of drug effects in humans.
Disadvantages of in vivo testing include expensive costs of animals and their related

ethical issues [198, 200, 201].

3.1.1.3 Ex Vivo Assays in Toxicological Studies

“Ex vivo” is the Latin phrase for “out of the living” and involves experiments
performed on whole organs or tissues that have been extracted from an organism with
minimum alterations to the tissues condition and studied in an environment that

mimics its natural environment in an organ bath (this is usually achieved by incubating
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the tissue or organ in oxygenated physiological salt solution buffer maintained at 37 °

C [199].

3.1.1.4 Organ Baths in Ex Vivo Toxicity Studies

Organ bath assays are classical pharmacological and toxicological screening tools used
to assess the effect of various drug concentrations in contractile tissue. Compared to
molecular assays, organ baths can be used to study the effect of compounds with
unknown molecular targets while controlling several physiological parameters. Organ
baths are most commonly used in cardiovascular research, using isolated aortic rings
and ventricle or atrial tissue. It is also used for studying gastro-intestinal effects using
the colon or ileum, and respiratory effects using isolated tracheal rings and diaphragm
tissue. Other isolated tissue preparations include: urinary bladder, skeletal muscle and

prostate tissue.

Isolated tissue experiments (Figure 3.1.1) can be run in groups of 2, 4, or 8 depending
on the organ bath used, thereby enabling a high throughput of results. Tissues are
usually prepared and cleaned (removal of outer membrane or of any extra tissue
attached) before mounting into the organ bath in such a way that one end of the tissue
is attached to a mounting hook and the other end to a transducer via thread. The water
jacketed organ bath provides easy temperature control and the tissue can be electrically
stimulated by placing an electrode in close proximity to the tissue. A transducer then
records the force and rate of tissue contraction throughout the experiment, and this

data is then used to generate dose-response curves.
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Figure 3.1.1. A schematic diagram showing a typical setup of an isolated tissue organ bath
experiment. The animal tissue is incubated in a temperature controlled organ bath and attached
to a transducer by a silk thread. The stimulator provides a means by which the rate of tissue
contraction can be controlled; this is achieved if an electrode is placed in close proximity to the
tissue. The analogue to digital converter (A/D converter) converts the physical quantity
measured (usually in volts) into a digital number that can be displayed on a computer and used
to generate a dose-response curve. Image taken from
http://link.springer.com/article/10.1007%2Fs00592-009-0156-x/fulltext.html.

3.1.2 Neurotoxicity

Neurotoxicity is defined as a detrimental effect on the nervous system caused by a
biological, chemical or physical agent. Neurotoxic agents are referred to as
neurotoxins and they work by altering the normal activity of neurons (cells that make

up the nervous system) [203].

3.1.2.1 The Nervous System

The nervous system is a highly complex system that regulates all aspects of bodily
functions, including: movement, vision, thought and speech through an organised

network of hormones, ion channels, receptors, and electrical and chemical signals
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[204-206]. It can be divided into two intimately interconnected systems: the central
nervous system (CNS), composed of the brain and spinal cord, and the peripheral
nervous system (PNS), consisting of the nerves that connect the brain or spinal cord to

the body’s muscles, glands and sense organs [204-206].

The nerve cell, also known as the neuron, is the basic unit of the nervous system [204-
206]. Neurons operate by generating signals that move from one part of the cell to the
neighbouring cell by either electrical or chemical means depending on cell type [204-

206].

3.1.2.2 The Structure and Function of Neurons

Neurons occur in a wide variety of sizes and shapes and are composed of three regions
(Figure 3.1.2), all of which carry out different specialised functions: the cell body,
dendrites and axons [204-206]. The cell body contains the nucleus and ribosomes and
Is the site at which neuronal protein and membrane synthesis occurs [205, 206]. The
dendrites are a series of small branched outgrowths that extend outward from the cell
body and are specialised in receiving signals from axons of other neuronal cells and
then transmit them to the cell body [205, 206]. The axons are long fibers that conduct
electrical and chemical impulses, known as action potentials, along their length away
from the cell body [205, 206]. Axons can range from a few microns to over a meter in
length. The region of the axon that arises from the cell body is called the axon hillock
and this is where the electrical signals are generated [205, 206]. When an action
potential is generated, it arises at the axon hillock and travels towards the axon terminal

from which the electrical signal can pass either electrically or chemically to another
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neuron in a nerve circuit, to a muscle at a neuromuscular junction, or to various other

types of cells [205, 206].

Neurons can be divided into three classes dependent on their function: afferent,
efferent and interneurons [205, 206]. Afferent neurons conduct impulses from the
body’s tissues and organs towards the CNS, whereas, efferent neurons conduct
information away from the CNS towards effector cells such as muscles and glands,

and interneurons connect neurons within the CNS [204-206].
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Figure 3.1.2. A schematic diagram of a neuron showing the movement of an action
potential from the axon hillock towards the axon terminal. Image taken from
http://classconnection.s3.amazonaws.com/1615/flashcards/596052/png/screen-shot-2011-
01-19-at-8.27.56-pm.png.

Synapses (Figure 3.1.3) are specialised sites where neurons communicate. There are
two types of synapses that exist: electrical and chemical, both of which transmit signals
in different ways [204, 205]. In an electrical synapse, the plasma membrane of the

presynaptic and postsynaptic cell are joined by gap junctions, this allows for the flow
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of action potentials across the junction from one neuron to the next [205]. In a chemical
synapse, the electrical activity in the presynaptic neuron causes it to release chemical
neurotransmitters (such as acetylcholine) that bind to receptors located on the
membrane of the postsynaptic cell (receiving cell) [205]. This binding causes a change
in the ion permeability of the postsynaptic membrane inducing a new action potential

in a neuronal cell or a twitch in a muscle cell [205, 206].
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Figure 3.1.3. The flow of an action potential between cells through an electrical synapse
compared to a chemical synapse. In an electrical synapse, the presynaptic and postsynaptic cell
are connected by gap junctions that facilitate the direct transmission of an action potential between
the cells. In a chemical synapse, the action potential is transmitted from the presynaptic cell to the
postsynaptic cell through the release of neurotransmitters from vesicles found in the presynaptic
cell. These neurotransmitters bind to specific ion channels found on the membrane of the
postsynaptic cell altering its membrane potential. Image taken from http://csls-text.c.u-
tokyo.ac.jp/active/11_04.html.
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3.1.2.3. Action Potential

Each cell in the human body is surrounded by a thin membrane known as the plasma
membrane [204, 205]. This membrane is selectively permeable to specific ions
(charged molecules) which can move into and out of the cell through specific ion
channels embedded in the plasma membrane [204, 205]. Due to this specific
movement of ions, an electrical gradient is established across the cellular membrane,
and an imbalance in its electrical charge is called the membrane potential. Every cell
in the human body is more negative inside than outside and has a resting membrane
potential of approximately ~ -60 to -90 mV (depending on the cell type) (Figure 3.1.4)

[205, 207].

The resting membrane potential exists due to a tiny excess of negative ions inside the
cell and an excess of positive ions outside [204, 205]. The excess negative charges
inside are attracted to the positive charge outside the cell, and vice versa. Thus the
excess ions collect in a thin tight shell against the inner and outer surfaces of the plasma
membrane, whereas the bulk of the intracellular and extracellular fluids remain neutral
[206, 207]]. The predominant diffusible solutes in the extracellular fluid are sodium
and chloride ions, and the intracellular fluid contains high concentrations of potassium
ions. Each of these ions has a 10- to 30-fold difference in concentration between the
inside and outside of the cell (there are many other ions, including Mg?*, Ca?*, H*,
HCOs, SO4%, amino acids and proteins in both compartments) [206, 207]. The
concentration differences for Na* and K* are established by the action of the sodium-
potassium ion pump (Na*/K*-ATPase) that pumps Na* out of the cell and K™ in, and

the reason for CI™ distribution varies among cell type [205, 207].
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Figure 3.1.4. Schematic diagram showing the various phases of an electrophysiological
reading of an action potential that occurs as electrical impulses pass down a cell membrane.
Image taken from http://cs.brown.edu/people/tid/note/blog/13/04/19/.

Excitable cells (those that are able to generate or conduct electrical impulses such as
nerve, cardiac, and muscle cells) are able to rapidly reverse their resting membrane

potential from negative values to positive values; a phenomenon called an action

potential (Figure 3.1.4) [205, 207].

When an electrical, chemical or mechanical stimulus disturbs a nerve cell, a few
sodium channels in a small portion of the cell membrane open, this allows for the flow
of sodium cations into the cell (Figure 3.1.5) [204, 207]. This causes the inside of the
cell to become less negative (depolarise). When this depolarisation reaches a certain
threshold, many more sodium channels in that area open, allowing for a greater influx
of sodium cations into the cell making the cell positive inside and negative outside

(electrical potential can reach up to ~ + 40 mV), thus triggering an action potential

[205, 207].

87



Once the electrical threshold reaches + 40 mV, the sodium channels are inactivated,
and potassium channels are activated [205, 207]. This results in the efflux of potassium
ions (which are also positively charged) out of the cell, rendering the cell membrane
less positive inside and slowly returning the membrane potential back to its resting
level [205]. This sequence of events is passed down onto the next area of the membrane
and down the entire length of the axon (transmitting the action potential down the

nerve cell) [205, 207].
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Figure 3.1.5. A schematic diagram showing the flow of a membrane potential as it moves
down the length of an axon. Image taken from http://mikeclaffey.com/psyc170/notes/notes-

neurons.html.
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3.1.2.4 The Sciatic Nerve

The sciatic nerve (Figure 3.1.6) is the longest and widest nerve in all vertebrates
including humans [12, 13]. It originates from the spinal cord and extends along nearly

the entire length of the hind limb [208, 209].

Anatomically, the entire sciatic nerve is composed of individual neurons that are
wrapped up in a layer of connective tissue called the endoneurium (Figure 3.1.7).
These neurons are bundled together into groups called fascicles, which are further
wrapped up by connective tissue called the perineurium. These fascicles are then
bundled together to form the sciatic nerve that is further wrapped in connective tissue

known as the epineurium [208, 209].

Sciatic Nerve

Figure 3.1.6. Picture of a mouse sciatic nerve.

Blood vessels run between the fascicles providing oxygen and nutrients to the neurons.
The main function of the sciatic nerve is to provide motor innervation to the muscles
of the thigh, hamstring, leg and foot and sensory innervation to the skin of the leg and
almost all of the foot (apart from the medial foot section which is innervated by the
saphenous nerve). Injury to the sciatic nerve can induce complete motor or sensory

loss of the posterior thigh, leg or foot [209].
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Fascicle

Figure 3.1.7. Histology slide of the sciatic nerve showing the fascicles of nerve fibers, the
connective  tissue, and the axon and myelin. Image taken from

http://missinglink.ucsf.edu/Im/ids_101_histo_resource/nerves_muscle.html.

3.1.2.5 Chemotherapy Induced Neurotoxicity

Chemotherapy induced neurotoxicity is a significant complication in the successful
treatment of many cancers [210-212]. Neurotoxicity develops mainly in patients
treated with platinum based drugs (cisplatin, oxaliplatin and carboplatin), taxanes
(paclitaxel and docetaxel) and vinca alkaloids (vincristine) with the incidence of
neurotoxicity influenced by patient age, dose intensity, cumulative dose, the co-
administration of other neurotoxic agents and pre-existing conditions such as diabetes

and alcohol abuse [210-214].

Chemotherapeutic drugs induce their neurotoxic activity by either causing damage to
the peripheral nervous system or the central nervous system and in some cases to both
systems [211,214]. Neurotoxicity can be extremely painful and disabling with

symptoms occurring either during infusion, shortly after infusion (1-3 hours after drug
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administration) or in some rare cases symptoms, can develop months after drug

administration [210, 214- 217].

Symptoms of peripheral neurotoxicity include: the loss of sensation in the hands and
feet, muscle weakness, muscle paralysis, paraesthesia (tingling, prickling and burning
sensation) of the fingers and toes, loss of co-ordination, dysphagia (problems with
swallowing) [211, 212, 217, 218]. Symptoms of central neurotoxicity include:
ototoxicity (particularly in the high frequency range), coma, seizures, and memory loss

[217,218].

Assessment of neurotoxicity is based primarily on clinical examinations and although
various neurotoxicity grading scales have been proposed, there is yet no gold standard
universal grading system [216, 217, 19]. Neurological examinations include physical
evaluation of a patient’s response to various external stimuli such as hot and cold
temperatures, vibrations (measured by a standard tuning fork placed over bony
prominences of the great toe, lateral malleolus, patella, hip, index finger and
olecranon), muscle strength (toe extensors, foot extensors and flexors, knee extensors,
hip flexors, finger abductors, arm extensors and flexors) and deep tendon reflexes
[216, 220]. Clinical electrophysiological motor conduction studies that measure motor
nerve potentials (measured by placing surface electrodes and stimulating nerves such
as under the head of the fibula and above the ankle) are also used to assess the degree

of neurotoxicity [216, 218].
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The mechanism of action by which chemotherapeutic drugs induce their neurotoxic
effects are very diverse and depend on drug type amongst other factors [212-218]. The
methods that have been discovered so far include: damage to neuronal cell bodies by
inducing apoptosis, axonal toxicity via transport deficits, and membrane ion channel
dysfunction [219-22]. Research in this area is still ongoing, and it is necessary to
understand these mechanisms in order to develop successful neuroprotective

agents/strategies.

3.1.25.1 Etiology and Pathophysiology of Platinum Based Drugs Induced
Neurotoxicity

Cisplatin has been shown to predominantly produce sensory neuropathy characterised
by severe loss of proprioception, a diminished vibratory sense, paraesthesia and
numbness of the feet and high frequency hearing loss [211, 212, 216, 219, 220].
Oxaliplatin induces peripheral neuropathy that is similar to that of cisplatin but can
resolve sooner. Another clinical syndrome that is unique to oxaliplatin is that
symptoms occur between 30 to 60 minutes after infusion and include cold induced

paraesthesia, painful dysesthesia, muscle cramps and muscle spasms [221, 222] .

Over the years, a combination of in vitro, in vivo and ex vivo studies have all
contributed significantly to understanding the mechanism of action by which the
platinum-based drugs induce their neurotoxic activity. Various in vitro cell
cytotoxicity, cell morphological and histological studies have shown that the platinum
based drugs primarily affect the axons, myelin sheath, neuronal cell body and the glial
structures of neurons, with significant high levels of platinum found in the dorsal root

ganglia (DRG) leading to shrinking or loss of DRG neurons and a resultant sensory
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neuropathy [220-222]. In vitro research has demonstrated that the platinum based
drugs enter the DRG via metal transporters and that once inside the DRG, form adducts
with DNA inducing apoptosis [220-223]. Various in vitro and in vivo studies have
shown that the degree of neurotoxicity is associated with the amount of platinum-DNA
adducts formed and that cisplatin is significantly more neurotoxic than oxaliplatin
because it produces three times more platinum-DNA adducts in the DRG than
equimolar doses of oxaliplatin [219-223]. As well as inducing apoptosis, in vitro and
ex vivo studies have shown that the platinum drugs induce their neurotoxic activity via
different pathways including acting on neuronal Na* channels and by disrupting the
levels of intracellular Ca?* [221-223]. Recent ex vivo studies have shown that
oxaliplatin can induce hyperexcitability at neuromuscular junctions by prolonging the

opening of Na* channels which leads to increased neurotransmitter release [221].

3.1.2.5.2 Development of Neuroprotective Agents

A neuroprotective agent should aim to decrease the neurotoxicity associated with
chemotherapeutic drugs by providing protection to healthy neuronal tissue without

compromising the antitumour efficacy of the anticancer drug [210, 217].

Many strategies have been under investigation as methods of reducing or completely
abolishing chemotherapy induced neurotoxicity [210, 218]. Various hypotheses have
been tested, however, none thus far have shown complete success. These strategies
include: calcium and magnesium infusions, vitamin E, the use of anti-epileptic agents,

insulin like growth factor and glutamine [210, 222-227] .
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3.1.2.5.2.1 Calcium and Magnesium Infusions

It was hypothesised that the administration of intravenous calcium and magnesium
might help reduce or prevent oxaliplatin induced peripheral neuropathy. This
hypothesis was made due to studies that showed that an increase in extracellular
concentration of calcium facilitated sodium channel closing and thus could decrease
hyperexcitability of peripheral neurons induced by oxaliplatin [225-228]. In a non-
randomised study involving 161 patients with advanced colorectal cancer, 96 patients
received intravenous calcium gluconate and magnesium sulphate before and after
oxaliplatin administration. The remaining 65 patients served as a control group.
Results showed that only 4% of patients in the CaMg group compared to 31% of the
control group had to stop chemotherapy due to neurotoxicity and at the end of the
treatment 27% of the CaMg group versus 75% of the control group showed signs of

neurotoxicity of any grade [229-230].

3.1.25.2.2 Vitamin E

Vitamin E, a fat soluble vitamin classified as an antioxidant, has demonstrated partial
neuroprotection in patients receiving cisplatin and paclitaxel [225, 229]. In a recent
pilot study, 40 patients receiving either cisplatin, paclitaxel or a combination of these
drugs were given vitamin E. Results showed that neurotoxicity occurred in 25% of

patients taking vitamin E compared to 73% of patients in the control group [230,].

There is various evidence from a number of small clinical trials that suggest that

vitamin E may help to reduce chemotherapy induced neurotoxicity, however, there is

a concern that vitamin E may interfere with the efficacy of anticancer agents as it can
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interfere with the oxidative breakdown of cellular DNA and cell membranes [231-

232].

3.1.2.5.2.3 Anti-epileptic Agents

Anti-epileptic drugs have been suggested as neuroprotective agents against some
chemotherapeutic drugs, such as oxaliplatin, because they block sodium channel
activity, thereby reducing the hyperexcitability of damaged peripheral nerve [234].
Carbamazepine, gabapentin and preglabin are all anticonvulsant agents that have been
tried in small clinical studies to reduce neurotoxicity in patients treated with oxaliplatin

but with no positive results as yet [234].

3.1.2.5.2.4 Insulin Like Growth Factor

Insulin growth factor-1 is involved in regulating body growth and stimulating motor
and sensory nerve regeneration. In clinical trials insulin like growth factor prevented
the development of paclitaxel induced neuropathy and in animal in vivo studies it
prevented the development of both vincristine and placlitaxel induced neuropathy

[235].

3.1.3 Neuromyopathy (Neuromuscular Toxicity)

Neuromyopathy is defined as a muscular disease of nervous origin. Neuromyopathic
agents are referred to as either myotoxins or neurotoxins as they induce muscle damage
through direct action on the muscle fibre or indirectly through action on the

presynaptic motor neuron.
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3.1.3.1 The Neuromuscular Junction

Muscle movement is controlled by the nervous system, particularly by motor neurones

(which are the type of neurones that innervate skeletal muscle) 204, 205].

Neuromuscular junctions (Figure 3.1.8) are locations in which the nervous system
connects to the muscular system at synaptic clefts [204, 205]. Each neuromuscular
junction consists of the axon terminal of a motor neuron and an end plate (the part of

the muscle that is in close proximity to the synaptic area) of a muscle fibre.

When an action potential reaches the axons of a motor neuron, voltage-dependent
calcium channels embedded at the axonal terminus open up, allowing for the influx of
calcium cations into the neuronal membrane (Figure 3.1.9) [204, 205]. This influx
results in neurotransmitter filled vesicles to fuse with the axonal terminus membrane
and release acetylcholine into the synaptic cleft (neuromuscular junction) [204, 205].
Acetylcholine then binds to ligand gated ion channels (known as nicotinic
acetylcholine receptors) found on the membrane of the muscle tissue, inducing these
channels to open up and initiating an influx of cations (mainly sodium) into the muscle,

generating an endplate depolarisation which leads to muscle contraction [204, 205].

Depolarisation of the muscle endplate results in an action potential propagating along
the muscle fiber and down the T tubule membrane [8]. This causes voltage gated
calcium ion channels on the sarcoplasmic reticulum to open resulting in an increase in

the permeability of the sarcoplasmic reticulum to calcium ions [8,9]. The calcium ions
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diffuse into the sacroplasmic reticulum where it binds to troponin and activates the

cross-bridge cycle which is the driving force of muscle contraction [204, 205].
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Acetylcholine

is enzymatically broken down

into choline and acetate by

acetylcholinesterase [8, 9]. Choline is then able to re-enter the motor neuron where

with the aid choline acetyltransferase and acetyl-coA, acetylcholine is synthesised

[204, 205].
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Figure 3.1.9. A schematic diagram of a neuromuscular junction showing the flow of an
action potential down the axon, the influx of calcium cations into the axonal terminus
followed by the release of acetylcholine (ACh) from the presynaptic neuron and its binding
to sodium channels located on the postsynaptic muscular membrane which generates an
action potential and ultimately causes muscle contraction. Image taken from
http://www.collegepaeds.ac.za/past%20papers/2010-10/FCP1_2010-10.htm.

3.1.3.2 Neuromyopathy Induced by Chemotherapy

It has been shown that various chemotherapeutic drugs induce muscle damage, through
indirect action, by disturbing the activity of the presynaptic motor neuron (neuropathy)

as discussed above. Symptoms of neuropathy include muscle numbness, muscle
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weakness and increased muscle sensitivity [238]. Peripheral neuropathy often affects
muscles of the hands, feet and lower legs, and this is because the longer the nerve is,

the more vulnerable it is to injury [238].

Anticancer drugs that have been shown to induce the highest incidence of peripheral
neuropathy, and thus muscle damage, include: the platinum based drugs (cisplatin,
carboplatin and oxaliplatin), the taxanes (docetaxel and paclitaxel) and the vinca

alkaloids (vinblastine, vincristine and vindesine) [238, 239].

Although the toxic chemotherapeutic effects induced by platinum drugs, and in
particular with cisplatin, are well documented, little is known about the mechanism by
which these drugs induce these toxic side effects. Furthermore, very little is known
about the toxicity of drug delivery macrocycles such as CB[n]s on specific organs and

tissues.

3.1.4 Cardiotoxicity

Cardiotoxicity is defined as “toxicity that affects the heart”. Damage to the heart can
be due to either electrophysiological dysfunction or/and damage to the heart muscles.
These toxic alterations cause the heart to become weaker, which over time can

ultimately result in heart failure.

3.1.4.1 The Heart

The heart is a muscular organ about the size of a fist and is located just behind and
slightly to the left of the breastbone [240]. It beats between 60-80 beats per minute in

a healthy adult and its main function is to pump blood through the cardiovascular
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system; a network of arteries and veins [241]. The heart is made up of four chambers:
two atrias (left and right) located in the top section of the heart and two ventricles (left

and right) located in the bottom end of the heart [240, 241].

The rate at which the heart contracts is controlled by a specialised bundle of neuronal
cells located at the top wall of the right atrium known as the sinoatrial node (SA node)
[241]. Although all of the heart’s cells have the ability to generate action potentials,
the SA node normally initiates it. When the SA node generates an action potential, it
causes the atrium to contract, sending electrical impulses to the atrioventricular node
(AV node) which spreads the electrical impulse to the ventricles. This in turn causes

the ventricles to contract, pumping blood to the lungs and the body [241-243].

3.1.4.2 Chemotherapy Induced Cardiotoxicity

Cardiotoxicity has been recognised as a chemotherapeutic induced adverse effect as
early as the 1960s were clinical reports of heart failure were common in patients treated

with the anthracycline drug doxorubicin [244].

The anthracyclines still remain as the most cardiotoxic chemotherapeutic agents [244].
However, there are a number of other chemotherapeutic agents that also induce
cardiotoxic side effects, including: cisplatin, carmustine, mitomycin and

cyclophosphamide [248, 250].

Cardiac events associated with chemotherapy may include mild blood pressure

changes, arrhythmias (abnormality in the heart’s rhythm), myocarditis (inflammation
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of the heart tissue), pericarditis (inflammation of the membrane that surrounds the
heart), electrocardiographic (ECG) changes, thrombosis (formation of a clot within the
heart vessel), myocardial infarction (necrosis of the heart tissue), and congestive heart
failure (CHF ) [247, 248-250]. These cardiac events associated with chemotherapy
may occur acutely (during or shortly after treatment), sub-acutely (within days or
weeks after completion of chemotherapy) or chronically (months to years after
chemotherapy administration). The level of cardiotoxicity induced depends on the
dose administered during each treatment cycle, the total cumulative dose or may be

completely independent of the dose [258-260].

There are various techniques that are clinically employed to assess the level of
cardiotoxicity induced by chemotherapy and these include: the use of
electrocardiograms, chest X-rays and echocardiography to detect pulmonary veins
congestion, diastolic and systolic left ventricular dysfunction, and abnormal
ventricular abnormal contractility, respectively. Cardiac magnetic resonance imaging
can also be used to assess left ventricular systolic function. Measurements of the
cardiac enzymes in the plasma are also used in the assessment of chemotherapy
induced cardiotoxicity; high levels of B-type peptides correlate with severe congestive

heart failure and high levels of troponin may be an indication of myocardial injury.

3.1.4.2.1 Cardiotoxicity Induced by Platinum Based Drugs

Although there are a number of in vitro and ex vivo studies that demonstrate the
cardiotoxic activity of platinum based drugs, and in particular cisplatin, there is still

insufficient clinical evidence regarding the cardiotoxicity of these drugs. Clinical
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studies have reported that cisplatin induced cardiotoxicity is only observed
occasionally in the form of arrhythmia, including: supraventricular tachycardia,
bradycardia and conduction abnormalities (electrolyte imbalance) with the majority of
these cardiac problems reported to be clinically silent and occurring within hours of
drug infusion [259-261]. It has been hypothesised that cisplatin may induce
arrhythmias by causing intracellular calcium, potassium and magnesium electrolyte
abnormalities as well as by inducing oxidative stress. However these mechanisms have

yet to be confirmed.

In a recent clinical study, patient’s heart rate, blood pressure, serum electrolyte levels,
electrocardiographic and echocardiographic parameters were measured before and
after cisplatin infusion and compared. Results showed that two thirds of patients
developed either silent atrial or ventricular arrhythmias. The authors hypothesised that
because serum electrolyte levels (potassium, magnesium and calcium) were not
disturbed, cisplatin arrhythmias may have been due to the effect of the drug on cardiac

sodium channels which can lead to increased arrhythmias [261].

There are several experimental in vitro studies that support the view that an increase
in oxidative stress at the molecular level is implicated in the cardiotoxicity of cisplatin.
This is further supported by a recent in vivo study which revealed that an
administration of a single dose of cisplatin (7 mg/kg) to rats resulted in a significant
decrease in both rat heart rate and mean arterial blood pressure and that pre-treatment

with apocynin, a specific NADPH oxidase inhibitor, restored the heart rate and blood
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pressure to their basal normal values and ameliorated the state of oxidative stress and

preserved mitochondrial membrane potential [262].

3.1.5 Aims of This Chapter:

The in vitro and in vivo toxicity of various anti-cancer drugs and drug delivery systems
have been well studied over the years. However, a limitation to these in vitro and in
vivo systemic approaches is that little information can be gathered on the toxicity of
drugs to specific organs and the mechanism by which they do so. Therefore, the use
of ex vivo toxicological models, in which the toxicity of the test compound is
determined on intact whole tissue, can provide crucial and reliable predictions of the
organ toxicity of drugs and drug delivery systems in the human body. The ex-vivo
toxicity of the platinum-based drugs and drug delivery macrocycles have never been

tested before, therefore the aims of this chapter is to study the following:

e The neurotoxicity of various platinum-based drugs (including: cisplatin,
K2PtCls, 56MESS and PHENEN) and macrocyclic drug delivery systems
(including: CBJ[6], CB[7], Motor2 (cucurbituril derivative) and B-cyclodextrin)

were studied using the mouse sciatic nerve preparation.

e The neuromyopathic activity of the platinum-based drugs and macrocyclic

drug delivery systems were studied used the chick-biventer nerve-muscle

preparation.
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e The cardiotoxicity of the platinum-based drugs and macrocyclic drug delivery

systems were studied using rat heart atria preparation.

e Furthermore, the effect of the encapsulation of cisplatin by CB[7] on the

neurotoxic, neuromyopathic and cardiotoxic effects induced by cisplatin was

also examined.
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3.2 Materials and Methods

3.2.1 Materials

BALB/C mice and Sprague Dawley rats were obtained from Strathclyde University’s
in house breeding colonies that were originally sourced from Harlan, UK. Baby chicks

were supplied from a breeding hatchery in Scotland (non-schedule 2 supplier).

Cisplatin, potassium tetrachloroplatinate (I1) (K2PtCls), B-cyclodextrin and CB[6]
were bought from Sigma-Aldrich. Cucurbit[7]uril was bought from Dr Anthony Day,
University of New South Wales, Australia. Motor2 was received from Professor Lyle
Isaacs, University of Maryland, USA. Pentamer, 56 MESS and PHENEN were

synthesised within the lab.

3.2.2 Methods

3.2.2.1 Electrophysiological Recordings from Mouse Sciatic Nerve

Balb/c mice weighing between 25-30 g were euthanised with CO>. The sciatic nerve
was carefully dissected out from where it meets the spinal cord to the knee (3-5 cm in
length) and immersed in HEPES based physiological salt solution of the following
composition: 150 mM NacCl, 5.4 mM KCI, 10 mM HEPES, 12 mM NaHCOs3, 0.38
mM KH2POg, 1.2 mM MgCl, 2.5 mM CaClz, 10 mM glucose, pH 7.4. The sciatic
nerve was then de-sheathed (epineurium connective tissue that surrounds the nerve)
under a stereo-microscope and then laid across three inter-connecting chambers with
about 70% of the nerve coiled in the middle chamber (Figure 3.2.1). The three
chambers were filled with HEPES based physiological salt solution to cover the nerve

and electrical isolation between the three chambers was achieved with vaseline.
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Electrical connections were made from the central chamber to one of the end chambers
by means of Ag/AgCI electrodes. The remaining chamber contained two platinum
electrodes connected to a pulse generator. The middle chamber was connected to
electrical grounds and the voltage from the third chamber was measured by a high
input resistance amplifier. Electrical impulses were supplied to the nerve by a Grass
S88 stimulator (0.4 Hz, 0.05 ms duration, 30V) via a SIU 5A stimulus isolation unit

(Grass Instrument Co. Quincy, MA, USA).

Perspex Tissue Bath

Stimulator

+ Amplifier A
. Vaseline —_ :

Action potential

r\f Sciatic Nerve

@ Metal electrode

Figure 3.2.1. A schematic diagram of the sciatic nerve bath setup. The sciatic nerve (purple)
is laid across three inter-connecting chambers, with each chamber connected to either a

stimulator or an amplifier via metal electrodes.

Signals were amplified with a CED 1902 transducer (Cambridge Electronic Design,
Cambridge, England), digitised with an analogue digital converter (DigiData 1200

Interface, Axon Instruments, Scotland), and analysed using Microsoft windows based
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computer electrophysiological analysis software (WinWCP version 4.5.7; Dempster,

1988).

All experiments were carried out at room temperature and prior to the beginning of
each experiment the sciatic nerve was incubated in HEPES based physiological salt
buffer for 30 min under constant super-maximal stimulation to demonstrate viability
and consistency in the action potential recordings. If the action potential amplitude
decreased by 10% the preparation was either remounted in fresh vaseline or discarded.
Drugs were added to the middle chamber (1 mM of platinum-based drugs (cisplatin,
K2PtCls, 56 MESS, and PHENEN) or 1 mM of macrocyclic drug delivery systems
(CBJ6], CB[7], B-cyclodextrin, Motor2 and cisplatin@CB[7]). At the end of each
experiment tetrodotoxin (TTX; 1 pg/mL) was added to the central chamber in order to
determine the extent of de-sheathing. Sciatic nerves with adequate de-sheathing show
a rapid decrease in the amplitude of the action potential when treated with TTX. If the
sciatic nerve was not adequately de-sheathed the response to TTX is not as rapid and
nerves that portrayed this were discarded and not used in the analysis. Measurements

are expressed as the mean £ SEM (n = 3-5).

3.2.2.2 Isolated Chick Biventer Cervicis Nerve Muscle Preparation

Chicks 3-15 days old were euthanised with CO2. The back of their neck was plucked
and the skin incised along the midline from the skull to below the base of the neck
exposing both of the biventer cervicis muscle lying on either side of the midline. A
thread was tied round the upper tendon muscle and a loop was tied at the bottom end
of the neck muscle. The muscle was then cut away and kept in buffer solution of the

following Krebs-Henseleit physiological salt solution: 118 mM NaCl, 24.9 mM
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NaHCOg, 11.1 mM glucose, 4.69 mM KCI, 1.17 mM MgSOa, 0.32 mM KH2PQOg4, 2.5
mM CaCl and equilibrated with a gas mixture of 95% O, 5% CO> to maintain a pH
of 7.4. The loop was used to attach the preparation into the organ bath and ring
electrodes were placed around the tendon to indirectly stimulate the muscle (Figure

3.2.2).

To

Stimulator l‘

To Lever

Perspex ~

e 41.‘
lectrodes

Organ Bath
— Krebs-Henseleit Physiological
1 Salt Solution

Figure 3.2.2. A schematic diagram showing the biventer cervicis muscle attached to a steel
rod via a hoop (tied onto the end of the muscle by silk thread) and an electrode placed around
the nerve of the muscle for direct stimulation. Image taken and adapted from

http://www.ncbi.nlm.nih.gov/pmc/articles/PMC1481857/?page=1.

Prior to the addition of drug, two control responses were obtained: 1 mM ACh (30 s)
and 30 mM KCI (30 s), these control drugs were then washed by over flow with drug
free Krebs-Henseleit. After the KCI response was obtained, the preparations were
allowed to equilibrate for 30 min before the addition 100 uM or 300 uM of platinum
based drugs (cisplatin, K>PtCls, 56MESS, and PHENEN) and macrocyclic drug
delivery systems (CBJ[6], CBJ[7], B-cyclodextrin, Motor2 and cisplatin@CBJ[7]). At the

end of the experiment, the two control responses were repeated to determine the
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change in postsynaptic activity. Measurements are expressed as the mean = SEM (n =

3-7).

3.2.2.3 Contractile Recordings from Rat Atria
Male Sprague Dawley rats weighing between 250-350 g were killed by cervical

dislocation in accordance with the United Kingdom Home Office guidelines. The heart
was quickly dissected from the animal and maintained in cold Krebs-Henseleit
physiological salt solution of the following composition: 118 mM NaCl, 24.9 mM
NaHCO3, 11.1 mM glucose, 4.69 mM KCI, 1.17 mM MgSOs, 0.32 mM KH2POg4, 2.5
mM CaCly, and equilibrated with a gas mixture of 95% O, 5% CO; to maintain the
pH at 7.4. The left and right atria were then carefully removed from the heart under a
stereo-microscope and a small loop was tied at one end of both atria and a knot at the
other end using a thin thread. The atria were then mounted into separate 10 mL organ
baths containing Krebs-Henseleit physiological salt solution and maintained at 37 °C
and gassed with 95% O», 5% CO: throughout the experiment. In the organ bath, one
end of the atria was tied to a metal rod and the other end was attached, via a cotton
thread, to a grass force displacement transducer model FTO03 connected to a
powerlab/4SP analogue to digital recording system (AD Instruments) and displayed

on a computer running Windows XP (Figure 3.2.3).

The right atria beats spontaneously due to the sinoatrial node, and a contraction was
electrically evoked in the left atria by field stimulation (4 Hz, 2 ms duration, 10-15 V
strength: Grass S88). A resting tension of 0.5 g was applied to both the left and right
atria and maintained throughout the experiment. Prior to the start of each experiment,

10 uM noradrenaline (NA) was added to the organ bath, and tissue that did not respond

109



to NA was discarded. With the tissue that did respond, the NA was then washed out
and the tissue allowed to equilibrate for 30 min before the addition of drug (100 pM
and 300 puM of platinum based drugs (cisplatin, KoPtCls, 56 MESS, and PHENEN) and
macrocyclic drug delivery systems (CB[6], CB[7], p-cyclodextrin, Motor 2 and

cisplatin@CB[7]). Measurements are expressed as the mean £ SEM (n = 3-7).
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Figure 3.2.3. A schematic diagram showing the setup of the organ bath used for both heart
atria preparations. For tissues that were directly stimulated, an electrode was inserted into
the organ bath and placed in close proximity to the tissue (not shown). Image taken and
adapted from http://www.intechopen.com/books/artery-bypass/pharmacology-of-arterial-

grafts-for-coronary-artery-bypass-surgery.
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3.2.2.4 Statistics

The significance level of individual differences was determined by Student’s- t test. A

statistical significant difference was deemed to be present when p < 0.05.
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3.3 Results

3.3.1 Neurotoxicity

3.3.1.1 Viability of the Ex Vivo Sciatic Nerve Preparation

To monitor the stability of the desheathed sciatic nerve preparation, the amplitude of
the electrically generated nerve compound action potential (nCAP) was measured in
volts over a period of two hours. Measurements from multiple experiments were
averaged and expressed as means + standard error of the mean (S.E.M.), then they
were expressed as the percentage of the maximum nCAP over the experimental period,;
the initial NCAP was considered to be a 100%. A time-response (vitality curve) graph

was then plotted using the percentage value at particular time intervals.
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Figure 3.3.1.1. The nCAP amplitude of untreated nerves. Graph showing the change in the
amplitude of the nCAP of untreated sciatic nerves over a period of two hours. Results are
expressed as the means = SEM (n =3).

The natural drop-off in nerve conduction was evaluated using a time control study
that monitored the stability of the electrically generated nerve compound action

potential (NnCAP) over a period of two hours. Figure 3.3.1.1 shows that within the
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first 40 min the sciatic nerve preparations are still 100% viable with no change in the
amplitude of the nCAP. By 80 minutes the amplitude of the nCAP has decreased by
only 5 + 3.3% but by 120 minutes the sciatic nerve has lost 10 + 4.2% of its viability.
As a result, the toxicity experiments were carried using macrocycle solutions of 1

mM over a period of 80 minutes to ensure reliability of the results.

3.3.1.2 Neurotoxic Activity of Platinum-Based Drugs
The neurotoxic activity of platinum-based drugs (cisplatin, K2PtCls, 56MESS and

PHENEN), was investigated by treating the desheathed mouse sciatic nerve with 1
mM of drug and by recording any changes made to the amplitude of the nCAP over a

period of 80 min.

The results show that all of the platinum-based drugs decreased the nCAP amplitude
of the sciatic nerve (Table 2.1). By the end of the experiment, cisplatin had induced a
decrease of 13 £ 4.7% (p = 0.3) to the nCAP amplitude of the sciatic nerve, while
K2PtCls had reduced it by 20 + 1.5% (p =0.01), 56 MESS by 15 + 0.6% (p =0.02) and
PHENEN by 10 £ 2.2% (p =0.4). Statistical difference compared to untreated nerve
is only observed with K>PtCls and 56MESS. Therefore only these two drugs can be

considered neurotoxic (Figure 3.3.1.2).
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Students paired t-test

Drug Effect on nCAP
Cisplatin 1 13+4.7% p=03
K2PtCl4 120+ 1.5% p=0.01
56MESS 115 +0.6% p=0.02
PHENEN 110+£2.2% p=04

Table 2.1. A summary of the changes induced by each platinum-based drug on the nCAP

amplitude of the mouse sciatic nerve after 80 min. The arrows indicate an increase (1) or

decrease () in the nCAP amplitude.
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Figure 3.3.1.2. The change in nCAP amplitude of the sciatic nerve after treatment with platinum-based drugs.
Graph showing the changes induced in nCAP after treatment with cisplatin, K,PtCls, 56MESS and PHENEN after
80 minutes. Results are expressed as the means + SEM (n =3). Statistical students paired t-test was performed and
significant differences compared to time match control are indicated by * when p < 0.05.
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3.3.1.3 Neurotoxic Activity of Macrocycles

The neurotoxic activity of the macrocyclic compounds CB[6], CB[7], Motor2 and -
cyclodextrin was investigated by treating the desheathed mouse sciatic nerve with 1
mM of macrocycle and by recording any changes made to the amplitude of the nCAP

over a period of 80 min.

The results show that CB[7] and Motor2 induced a decrease in nCAP amplitude by 4
+0.2% (p=0.8)and 13+ 1.5% (p =0.1) , respectively, while CB[6] and B-cyclodextrin
induced an increase inNCAP by 3+4.6% (p =0.3) and 7 £ 4.2% (p = 0.1), respectively
(Figure 3.3.1.3). B-cyclodextrin, which is already used in the clinic, is not known to be
neurotoxic, so the similar increase in NCAP by CB[6] implies that the cucurbituril is
probably not neurotoxic. The decrease in NCAP by CBJ[7] is the same magnitude as
the natural drop-off in untreated samples indicating it is also not neurotoxic. Whilst
Motor2 decreased nCAP by 13% there is no statistical difference compared with
untreated nerve, all of the other macrocycles also show no statistical significance to

control and therefore all appear to display no neurotoxicity.

Students paired t-test

Drug Effect on nCAP
CBJ6] 13+4.6% p=0.3
CBJ[7] | 4+£0.2% p=0.8
Motor2 113+1.5% p=0.1
B-cyclodextrin 17+42% p=0.1

Table 2.2. A summary of the changes induced by each macrocycle on the nCAP amplitude of the
mouse sciatic nerve after 80 min. The arrows indicate an increase (1) or decrease (|) in the n"CAP

amplitude.
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The results show that CB[7] and Motor2 induced a decrease in nCAP amplitude by 4
+£0.2% (p=0.8)and 13+ 1.5% (p =0.1) , respectively, while CB[6] and B-cyclodextrin
induced an increase in NCAP by 3+4.6% (p=0.3)and 7 £ 4.2% (p = 0.1), respectively
(Figure 3.3.1.3). B-cyclodextrin, which is already used in the clinic, is not known to be
neurotoxic, so the similar increase in nCAP by CB[6] implies that the cucurbituril is
probably not neurotoxic. The decrease in NCAP by CBJ[7] is the same magnitude as
the natural drop-off in untreated samples indicating it is also not neurotoxic. Whilst
Motor2 decreased nCAP by 13% there is no statistical difference compared with
untreated nerve, all of the other macrocycles also show no statistical significance to

control and therefore all appear to display no neurotoxicity.

117



CB[6]

35

5120

§ P e e e G e i)

£ 80

S 40

2

3 0

5: 0 10 20 30 40 50 60 70 80
Time (min)

- CB[7]

e

t 120

8 C=—C—C——2 R e )

X 80

2

3 40

g o

< 0 10 20 30 40 50 60 70 80
Time (min)

= Motor2

e

€ 120

8 50 ———————————————— o

X

3

s 40

'E_L 0

< 0 10 20 30 40 50 60 70 80
Time (min)

= B-cyclodextrin

°

§ 120 . e @ e @ ° PO ®

° 80

5 40

2

S5 0

<Et 0 10 20 30 40 50 60 70 80
Time (min)

Figure 3.3.1.3. The change in nCAP amplitude of the sciatic nerve after treatment with macrocycles.
Graph showing the changes induced in nCAP after treatment with CB[6], CB[7], Motor2 and B-cyclodextrin
after 80 minutes. Results are expressed as the means + SEM (n =3). Statistical students paired t-test was

performed and significant differences compared to time match control are indicated by * when p < 0.05.
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3.3.1.4 Effect of CB[7] on the Neurotoxicity of Cisplatin

The effect of CB[7] on the neurotoxicity of cisplatin was investigated by analysing
and comparing the effect of 1 mM of cisplatin and 1mM of cisplatin@CBJ[7] on the

nCAP amplitude of the desheathed mouse sciatic nerve (Figure 3.3.1.4).
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Figure 3.3.1.4. The difference in the change of the nCAP amplitude of the sciatic nerve after treatment
with 1 mM of (blue) free cisplatin and (red) cisplatin@CB[7]. Results are expressed as the means +
SEM (n =3). Statistical students paired t-test was performed (n = 3) and significant differences are
indicated by * when p<0.05.

Figure 3.3.1.4 show that at 80 min, cisplatin reduced the nCAP amplitude by 13 +
4.7% (p = 0.3), which shows some neurotoxicity but not at the level normally observed
in the clinic. The reason for the lower toxicity is most likely because the sciatic nerve
iIs composed mainly of neuronal axons with smaller amounts of DRG, (which are
predominantly located in the spinal cord). Therefore, the small neurotoxicity caused
by cisplatin in this experiment is due to the small amounts of DRG. The results for
cisplatin@CB[7] are similar to free cisplatin with a decrease in nCAP amplitude of 23

* 6.6% (p = 0.1). Statistical analysis shows that there is no difference in the
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neurotoxicity of cisplatin compared with cisplatin@CB[7]. Therefore indicating that

CBJ[7] does not have a neuro-protective effect on cisplatin.

3.3.2 Neuromyopathy

The neuromyoptahy of the drugs and macrocycles were examined using the isolated
chick biventer cervicis nerve-muscle preparation. Under ex vivo conditions the muscle
can be forced to contract using chemical or electrical stimulation. For chemical
stimulation, the addition of exogenous acetylcholine (ACh) or KCI results in muscle
contraction. The ACh acts by binding to nicotinic receptors located on the muscle
membrane causing depolarisation followed by contraction (post-synaptic effect).
Potassium chloride causes muscle membrane depolarisation resulting in calcium
release into the synaptic cleft. The calcium then binds to neuronal receptors which
results in the release of ACh from the neuron ultimately causing muscle contraction

(pre-synaptic effect).

Baseline results for the force of muscle contraction was determined using both
electrical and chemical stimulation. The nerve-muscle was then exposed to
drug/macrocycle and after two hours the force of contraction was determined again.
The drugs/macrocycles are neuromyopathic if they demonstrate a statistically
significant increase or decrease in the force of muscle contraction compared with
baseline results. An increase in force of contraction due to exogenous ACh indicates
that the compound tested may have anticholinesterase effect; cholinesterase is an
enzyme located in the synaptic cleft that terminates signal transmission by breaking

down acetylcholine activity therefore prolonging/increasing the effect of ACh. An
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increase in the activity of ACh will synergistically increase/prolong the response to

KCI.

3.3.2.1. Viability of the Ex Vivo Chick Biventer Cervicis Nerve Muscle
Preparation

The viability of the biventer cervicis nerve-muscle preparation was studied by
comparing nerve-muscle response to ACh, KCI and the amplitude of the electrically
stimulated contraction at the end of the experiment compared to the beginning of the
experiment. Figure 3.3.2 shows that after two hours, the untreated nerve-muscles
response to ACh, KClI and its electrically stimulated contraction had all decreased by

4 £2% (p=0.01), 18 £+ 5% (p = 0.1) and 11 + 5% (p = 0.3), respectively.
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Figure 3.3.2. The percentage change in the response of untreated (control) chick biventer
cervicis nerve-muscle to ACh, KCI and to the amplitude of electrically stimulated
contraction after two hours incubation. Results are expressed as the means £ SEM (n =3).

Statistical students paired t-test was performed.
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3.3.2.2 Neuromyopathic Activity of Platinum Based Drugs

The neuromyopathic activity of various platinum-based drugs (cisplatin, K>PtCl4,
PHENEN and 56MESS) were investigated by treating the chick biventer cervicis
nerve-muscle with 300 UM of compound for a period of two hours. Before drug
exposure, the response of untreated muscle to ACh and KCI as well as the amplitude
of the electrically stimulated muscle contraction were recorded. After drug treatment,
the response of the muscle to the same agonists and the amplitude of the electrically
stimulated contraction were recorded once again and compared to that of pre-treatment

(control).

Figure 3.3.2.1 show that all of the platinum drugs tested exhibited neuromyopathic
activity. The results show that cisplatin, 56MESS and PHENEN induced muscle
toxicity (paralysis) indirectly by interfering with the activity of the presynaptic neuron,
whereas K2PtCls induced muscle toxicity through direct action on the postsynaptic

muscle fiber.

At 300 pM, cisplatin induced an increase in nerve-muscle response to ACh and KCI
by 96 £ 32% (p = 0.005) and 121 + 3% (p = 0.001) respectively, whereas it decreased
muscle twitch amplitude by 96 + 4% (p = 0.001). The augmentation of ACh and KCI
responses indicates that cisplatin did not interfere with the nicotinic acetylcholine
receptors (NAChRs) or with the integrity (depolarisation) of the postsynaptic muscle
membrane. Instead, the reduction in muscle twitch amplitude indicates that cisplatin
induced neuromyopathy from interfering with activity of the presynaptic nerve

terminal. Unlike cisplatin, KoPtCls decreased nerve-muscle responses to both agonists
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as well as the amplitude of the muscle twitch. K>PtCls decreased nerve-muscle
response to ACh by 60 + 4.4% (p = 0.11), KCI by 90 + 2.8% (p = 0.001), and twitch
amplitude by 82.8 + 3.9% (p = 0.005). This significant decrease in nerve-muscle
response to ACh suggests that K2PtCls may have blocked the nicotinic receptors on
the muscle membrane or the calcium ion channel in the sarcoplasmic reticulum or may
have bound to proteins in the muscle fiber that play a role in contraction, therefore
indicating that KoPtCls is acting directly on the postsynaptic muscle fibre. The
possibility that KoPtClsis directly neuromyopathic is further supported by the decrease
in the nerve-muscle response to KCI which is an indication that the muscle fibre

contractility has been critically impaired.

When treated with 300 uM of 56MESS, the nerve-muscle response to ACh and KCI
were increased by 45 = 12% (p = 0.3) and 3 = 11% (p = 0.2) respectively, and a
complete blockade in muscle twitch was observed. These results suggest that 56MESS
did not induce muscle paralysis by acting on the muscle’s nicotinic receptors or with
the viability of the membrane, but indirectly via a presynaptic effect at the nervous
terminal. This effect is also observed with PHENEN, where an increased nerve-muscle
response to ACh and KCI by 77 £ 7.5% (p = 00.2) and 22 + 7.2% (p = 0.2), respectively
was observed as well as a decrease in muscle twitch amplitude by 38% * 1.8% (p =

0.01) (Table 3.1 provides a summary of the neuromyopathy results.
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ACh KCI Electrical
Stimulation

196 £ 32% 1121+ 3% 1 96 £ 4%
Cisplatin (p =0.005) (p =0.001) (p =0.001)

1 60 +4.4% 190+2.8% 1 82.8+3.9%
K2PtCls (p=0.11) (p =0.001) (p =0.005)

177 £7.5% 122+7.2% 138+£1.8%
PHENEN (p=0.02) (p=0.2) (p=0.01)

145+ 12% 13+ 11% 1100 + 13%
56MESS (p=0.3) (p=0.2) (p = 0.009)

Table 3.1. A summary of the changes induced by each platinum-based drug on the amplitude

of the nerve-muscle contraction induced by ACh, KClI and electrical stimulation after two hour

incubation. The arrows indicate an increase (1) or decrease (|) in nerve-muscle contraction.
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Figure 3.3.2.1. The responses of nerve-muscle to ACh (1 mM, 30 s) KCI (30 mM, 30 s) and
electrically stimulated contraction at two hours after exposure to 300uM of platinum-based drugs.
Results are expressed as mean = SEM. For cisplatin; n = 4, KoPtCls; n =4, PHENEN; n = 3 and 56 MESS;
n = 3. Statistical students paired t-test was performed and significant differences are indicated by * when
p<0.05.
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3.3.2.3 Neuromyopathic Activity of Drug Delivery Macrocycles
The neuromyopathic of various drug delivery macrocycles (CB[6], CB[7], B-

cyclodextrin, and Motor2) were investigated by treating the chick biventer cervicis
nerve-muscle with 300 UM of compound for a period of two hours. Before drug
exposure, the response of untreated muscle to ACh and KCI as well as the amplitude
of the electrically stimulated muscle contraction were recorded. After drug treatment,
the response of the muscle to the same agonists and the amplitude of the electrically
stimulated contraction were recorded once again and compared to that of pre-treatment

(control).

Figure 3.3.2.2 shows Cucurbit[6]uril increased nerve-muscle response to ACh by 10
+ 10% (p = 0.5), and decreased its response to KCI and electrical stimulated
contraction by 24 £ 17% (p = 0.5) and 20 £ 4% (p = 0.3), respectively. Cucurbit[7] uril
decreased the nerve-muscle’s response to ACh, KCI and the electrically stimulated
contraction by 21% + 10% (p = 0.1), 51.8 = 8% (p = 0.05) and 84 + 9% (p = 0.01),
respectively. The cucurbituril-derivative, Motor2, increased nerve-muscle response to
both ACh and KCI by 37 + 12% (p = 0.5) and 2% + 12% (p = 0.8), respectively, and
decreased its electrically stimulated contraction by 15 + 13% (p = 0.5). B-Cyclodextrin
increased nerve-muscle response to ACh by 20 £ 7% (p = .2), decreased its response
to KCl by 15 + 9% (p = 0.2), and increased its electrical stimulated contraction by 11

+10% (p = 0.9).

Overall the largest neuromyopathic effect was observed after nerve muscle exposure

to CB[7]. Significant decreases in activity are apparent for KCI (p = 0.05) and electrical
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stimulation (p = 0.01), this indicates that CB[7] may be binding to and blocking the
postsynaptic muscle’s nicotinic receptors and therefore interfering with the
depolarisation ability of the membrane. A small decrease in twitch via electrical
stimulation is also observed after exposure to CB[6] (p = 0.3) although the decrease is
considerably smaller in magnitude compared with CB[7]. Given that B-cyclodextrin
also results in a decrease of electrically stimulated contraction (p = 0.9), it is not a
known neuromyopathic compound, the results may suggest that the electrical
stimulation results for CB[6] and CB[7] are statistically decreased, however this may

not result in in vivo toxicity. Table 3.2 provides a summary of the neuromyopathy

results.
ACh KCI ESC

110 £ 10% 124+ 17% 120 +4%)

CB[6] (p=0.5) (p=0.5) (p=0.3)

121+ 10% 151.8+8% 1 84 +9%

CB[7] (p=0.1) (p =0.05) p=0.01
137+ 12% 12+ 12% 115+ 13%

Motor?2 (p=0.5) (p=0.8) (p=0.5)
120+ 7% 115+ 9% 111+ 10%

(p=0.2) (p=0.2) (p=0.9)

B-cyclodextrin

Table 3.2. A summary of the changes induced by each macrocycle on the amplitude of the
nerve-muscle contraction induced by ACh, KCI and ES (electrical stimulation) after 120 min.

The arrows indicate an increase (1) or decrease () in nerve-muscle contraction
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Figure 3.3.2.2. The responses of nerve-muscle to ACh (1 mM, 30 s) KCI (30 mM, 30 s)
and electrically stimulated contraction at two hours after exposure to 300uM of
macrocycle. Results are expressed as mean £ SEM. For untreated nerves; n = 3, CBJ[6];
n =3, CB[7]; n=4, Motor2; n = 3, and B-cyclodextrin; n = 3. Statistical students paired t-
test was performed and significant differences are indicated by * when p<0.05.
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3.3.2.4 Effect of CB[7] on the Neuromyopathy of Cisplatin

The effect of CB[7] on the neuromyopathic activity of cisplatin was investigated by
analysing and comparing the effect of 300 uM of cisplatin and 300 pM of
cisplatin@CB[7] on the response of the chick biventer cervicis nerve-muscle to

chemical and electrical stimulation.

The results show that cisplatin induced significant neuromyopathic activity when
measured using both chemical and electrical stimulation (Table 3.3). Figure 3.3.2.3
shows that free cisplatin increased nerve-muscle contraction force to ACh and KCI by
96 + 32% (p = 0.005) and 121 + 3% (p = 0.001), respectively, and decreased the force
of its electrically stimulated contraction by 96 + 4% (p = 0.001) which is consistent
with the peripheral neuropathy known to occur with cisplatin chemotherapy. The
results also suggest that cisplatin may have anticholinesterase activity as demonstrated
in previous studies and that this may also contribute in part to the neurotoxic side
effects of cisplatin. Encapsulation of cisplatin by CB[7] decreased nerve-muscle
response to ACh by 17 + 6% (p = 0.4), and increased its response to KCI by 59 + 27%
(p = 0.2). Cucurbit[7]uril showed a neuromyopathy-protective effect as
cisplatin@CB[7] decreased the electrical stimulated muscle contraction by 36 £ 12%

(p = 0.04) only; this is a reduction of the myotoxic activity of free cisplatin by 60%.
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Figure 3.3.2.3. The effect of cisplatin (n = 4), CB[7] (n = 4) and cisplatin@CB[7] (n = 8) on
the nerve muscle’s response to ACh (grey), KCI (green) and amplitude of its electrically
stimulated contraction after two hours of exposure to drug. Results are expressed as mean +

SEM. Statistical students paired t-test was performed and significant differences are indicated
by * when p<0.05.

ACh KCI Electrical
Stimulation
196 + 32% 1121 + 3%) | 96 + 4%)
Cisplatin (p =0.005) (p =0.001) (p =0.001)
121+10% 151.8+8% | 84+ 9%
CB[7] (p=0.1) (p = 0.05) (p =0.01)
117 + 6% 159+ 27% 136+12%
Cisplatin@CB[7] (p=0.4) (p=0.2) (p =0.04)

Table 3.3. A summary of the changes induced by free drug and the encapsulated complex
on the amplitude of the nerve-muscle contraction induced by ACh, KCI and ES (electrical

stimulation) after 120 min. The arrows indicate an increase (1) or decrease (|) in nerve-

muscle contraction.
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3.3.3. Cardiotoxicity

Heart atria from rats were used as a model to study the cardiotoxic activity of the
macrocycles. The right atrium contains a natural pacemaker called the sinoatrial (SA)
node which causes the atrium to contract naturally; however, such a pacemaker is

absent in the left atrium and electrical stimulation is needed to initiate contraction.

3.3.3.1 Viability of the Ex Vivo Atria Preparation

The viability of the right and left atria preparation setup was studied by monitoring the
rate of atria contraction (beats per minute) and force of contraction (amplitude of
contraction) over a period of two hours. A time-response graph was then plotted using

the percentage value at particular time intervals (Figure 3.3.3).
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Figure 3.3.3. The change in atria contraction rate (top panel) and force of contraction (bottom
panel) in untreated right (dark red, dark blue) and left atria (light red, light blue) over a period
of two hours. Results are expressed as the means £ SEM (n =3). Statistical students paired t-
test was performed and significant differences compared to time O min are indicated by * when
p<0.05.
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Figure 3.3.3 shows that by the end of the experiment, the rate of right atria contraction
had increased by of 8 + 1% (p = 0.4) compared to the rate of contraction at time at 0
min (100%), whereas the left atria remained unchanged at 100 + 1%. By the end of the
experiment, the force of contraction remained at 100 + 2% whereas in the left atria it

had a statistically significant increase of 16 £ 1.9% (p = 0.005).

3.3.3.2 Cardiotoxic Activity of Platinum-Based Drugs
The cardiotoxic effects of the platinum-based drugs (cisplatin, KoPtCls, 56 MESS and

PHENEN) were studied by monitoring changes in the rate of atria contraction and

force of contraction over a two hour period in both the right and left atria.

Overall the results show that all of the platinum-based drugs induced a statistically
significant change to the rate and/or force of contraction either in the right atria, the

left atria or in both.

By the end of the experiment, in the right atria, cisplatin induced a decrease in atria
contraction rate by 68.8 + 8.45 and in the force of contraction by 53.7 = 17 % (p =
0.02). In the left atria, cisplatin decreased contraction rate by 1 + 1% (p = 0.8) and
decreased the force of contraction by 55 + 6.1% (p = 0.02). When treated with K2PtCls,
the rate of right atria contraction was decreased by 92.7 + 4.45% (p = 0.001) and the
force of its contraction by 99.3 + 0.4% (p = 0.001), whereas in the left atria, it reduced
the rate and force of contraction by 16.2 £ 3.2% (p = 0.4) and 48.4 £ 9.2% (p = 0.008),
respectively. In the right atria, 56 MESS reduced the rate of contraction by 39.8 + 3.4%

(p = 0.04) and the force of contraction by 26.1 + 3.5% (p = 0.07), and in the left atria
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56MESS reduced the rate of contraction by 7.3 + 12.3% (p = 0.06) and the force of
contraction by 15.1 £ 7.4% (p = 0.13). Finally, PHENEN decreased the rate of right
atria contraction by 20.8 £ 9% (p = 0.05) and force of contraction by 22.3 + 3.6% (p =
0.008) and in the left atria, it increased atria contraction by 0.9 £ 1.8% (p = 0.6) and

decreased the force of contraction by 50 + 17.5% (p = 0.02).

All of the platinum-based drugs displayed cardiotoxic activity. Cisplatin and K>PtCl4
were the quickest to induce their toxic activity in both the rate and force of contraction
as seen (Figure 3.3.3.2 and 3.3.3.3). Both cisplatin and K2PtCls induced their toxic
effects immediately after exposure, whereas 56 MESS induced its toxic activity by 30
minutes and PHENEN by 60 minutes of exposure. Table 3 gives a summary of the

effect of each platinum-based drug on the rate and force of atria contraction.
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Figure 3.3.3.2. The effect of the platinum-based drugs on atria contraction rate. Graph shows the
effect of a) cisplatin, b) K2PtCl4, c) 56MESS and d) PHENEN on atria contraction rate. Results are

expressed as the means £ SEM (n =3). Statistical students paired t-test was performed and significant

differences compared to time match control are indicated by * when p<0.05.

134



a) 400 -
g 300 - * *
2 *
£ 200 -
[J]
£ 100 | g i* . T " IT iT T xl
<
Uo 0 _J T T T T T T T i T i_\
X
° 0 15 30 45 60 75 0 105 120
Time (min)
b)
160 -
(]
o
S 120 - .,
£ T T ¥ 3k
@ 80 - T T o * I~ * *
g T T I T
40 -
S I * *
°\° 0 N T T T T T T i T 1
15 30 45 60 75 0 105 120
Time (min)
c)
o 160 -
o
© 120 -
-; 80 ] T T T
3 I
c 40 - I
i =
o
°\° 0 1 T T T T T T T
15 30 45 60 75 0 105 120
Time (min)
d)
160
8
S 120 |
£ - - - 0 * * *
S 80 T * *
i . i
£ a0
o
X o0
15 30 45 60 75 0 105 120
Time (min)

M Right Atria
Left Atria

M Right Atria

Left Atria

H Right Atria
Left Atria

H Right Atria
Left Atria

Figure 3.3.3.3. The effect of the platinum-based drugs on atria force of contraction. Graph shows a) cisplatin,
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differences compared to time match control are indicated by * when p<0.05.
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Platinum Drug

Percent change in rate of

Percent change in force of

(300 pM) contraction contraction

Right atrium  Left atrium Right atrium  Left atrium

| 68.8+ 1% 1 1+£1% 153.7£17% | 55+6.1%
Cisplatin (p =0.001) (p=0.8) (p=0.02) (p=0.02)

1927+£445 |162+32% [99.3+04% |48.4+9.25
K2PtCls (p =0.001) (p=0.4) (p =0.001) (p =0.008)

1 39.8+4% | 7.3+123% |261+35% |151+7.4%
56MESS (p =0.04) (p = 0.06) (p =0.007) (p=0.13)

}] 208+9% 109+£185 |223+3.6% |50+17.5%
PHENEN (p =0.05) (p=0.6) (p =0.008) (p =0.02)

Table 4.1. A summary of the cardiotoxic changes induced by the platinum-based drugs on the

rate and force of contraction in both the right and left atria. Results are expressed as means *

SEM. (n = 3).
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3.3.3.3 Cardiotoxic Activity of Macrocyclic Drug Delivery Systems

The cardiotoxic effects of various macrocyclic drug delivery systems (CB[6], CB[7],
B-Cyclodextrin, and Motor 2) were studied by monitoring changes in the rate of atria
contraction and force of contraction over a two hour period in both the right and left

atria.

Overall, the results show that the macrocycles induced greater changes to the force of
atria contraction compared to the rate of atria contraction in both the right and left atria.
Results shows that by the end of the experiment, in the right atria, CB[6] caused a
decrease in the rate of contraction by 12 + 6% (p = 0.3) and in the force of contraction
by 41.7 £+ 20% (p = 0.06). Whereas in the left atria, it increased the rate of atria
contraction by 3.3 + 1.% (p = 0.3) and decreased its force of contraction by 55 + 6.1%
(p =0.001). CBJ[7] increased right atria contraction rate by 31 £ 13.6% (p = 0.07) and
decreased its force of contraction by 29 + 3.4% (p = 0.04), and in the left atria, it
reduced both the rate and force of contraction by 10 £+ 3.5% (p = 0.3) and 18% + 6.8%
(p = 0.1) respectively. B-cyclodextrin induced an increase in right atria contraction rate
by 32 + 12% (p = 0.2) and increased its force of contraction by 1 + 3.3% (p = 0.6). In
the left atria, B-cyclodextrin increased contraction rate by 3 £ 3% (p = 0.8) and
decreased the force of its contraction by 33 + 4.1% (p = 0.002). Finally, in the right
atria, Motor 2 induced an increase in contraction rate by 30 = 19% (p = 0.2) and
reduced its force of contraction by 68.3 £ 3.1% (p = 0.001), and in the left atria, it
caused an increase in contraction rate by 15 + 3.8% (p = 0.4) and a decrease in force

of contraction by 60 * 5.4% (p = 0.004).
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These results indicate that all of the macrocycles induced a level of atria cardiotoxicity,

with Motor 2 inducing the greatest change in the force of atria contraction in both atrias

compared to the other macrocycles. The results also show that in the rate of atria

contraction experiments, most of the changes induced by the macrocycles occurred

after the first 60 min (Figure 3.3.3.5), whereas in the force of contraction experiments,

changes were induced within the first 15 min as seen with Motor2 and CB[7] in the

left atria (Figure 3.3.3.6). Table 4 gives a summary of the effect of each macrocycle

drug on the rate and force of atria contraction.

Macrocycle Percent change in rate of Percent change in force of
(300 uM) contraction contraction

Right atrium  Left atrium  Rightatrium  Left atrium
112 £ 6% 133+x1% 1417+£20% | 55+£6.1%
CBJ6] (p=0.3) (p=0.3) (p =0.06) (p=0.001)
131+£13.6% |10+ 3.5% 129+£34% | 18+£6.8%

CB[7] (p=0.07) (p=0.3) (p =0.04) (p=0.1)
130£19% 115+ 3.8% 1 68+£3.1% 1 60 £5.4%
Motor2 (p=0.2) (p=0.4) (p =0.001) (p = 0.004)
132+12% 13+3% 11+3.3% 13324.1%
B-cyclodextrin (p=0.2) (p=0.8) (p=0.4) (p =0.002)

Table 4.2. A summary of the cardiotoxic changes induced by various macrocycles on the rate

and force of contraction in both the right and left atria.

138



160 - _ _
E —o—Right Atria
”,": 1201 Left Atria
- = p 4 = ¥ . A by
o 80 - T2
=
£ 40 -

o
°\° 0 T T T T T T T T 1

0 15 30 45 60 75 90 105 120
Time (min)

b)

s 160 - Right Atria
% 120 - —s-Left Atria
(=
& 80 -
c
£ 40 -
o
°\° 0 T T T T T T T T 1

0 15 30 45 60 75 90 105 120

Time (min)
c)
E 160 1 s Right Atria
[~ ,}—-—I—l
= 120 - - - T T ¥ 1 1 a Left Atria
< R = =
o 80 -
c
£
S 40 -
°\° 0 T T T T T T T T 1
0 15 30 45 60 75 90 105 120

d) Time (min)

s 160 - . _
& T T = Right Atria
@ 120 - I F—g—t—T .
£ iy~ = = = a Left Atria
@ 80 -

S

e 40 -

o

°\° 0 T T T T T T T T

0 15 30 45 60 75 90 105 120
Time (min)

Figure 3.3.3.5. The changes in the rate of atria contraction when treated with 300 uM of
macrocycles. Graph shows (a) CBJ[6], (b) CB[7], (c) Motor2 and (d) B-cyclodextrin . Results are

expressed as the means = SEM (n =3). Statistical students paired t-test was performed and significant
differences compared to time match control are indicated by * when p < 0.05.
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Figure 3.3.3.6. The changes in the force of atria contraction when treated with 300 uM of
macrocycle . Graph shows (a) CBJ[6], (b) CB[7], (c) Motor2 and (d) B-cyclodextrin. Results are
expressed as the means + SEM (n =3). Statistical students paired t-test was performed and

significant differences compared to time match control are indicated by * when p<0.05.
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3.3.3.4 Effect of CB[7] on the Cardiotoxicity of Cisplatin

Although uncommon, there are various clinical studies that have reported cardiotoxic
effects of cisplatin. Toxicity occurs in the form of atrial or ventricular arrhythmias,
tachycardia, bradycardia and conduction abnormalities. Most of these cardiac
problems are reported to be clinically silent and occurring within hours of drug
infusion.

The protective effect of CB[7] on the cardiotoxic activity of cisplatin was investigated
using free cisplatin and cisplatin@CB[7] in the unpaced right atrium. The right atrium
was chosen for this study as cisplatin exhibited less cardiotoxic activity than in the left

paced atrium (data not shown (Figure 3.3.3.7).
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Figure 3.3.3.7. The difference in effects of cisplatin and cisplatin@CB[7] on the rate of
contraction (top panel) and force of contraction (bottom panel) of the right atria at specific
intervals over a two hour period. Results are expressed as the means £ SEM (n =3). Statistical
students paired t-test was performed significant differences compared to time match control are

indicated by * when p < 0.05.
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Figure 3.3.3.7 shows that cisplatin induced cardiotoxic activity by reducing both the
rate and force of contraction by 68.8 £ 1% (p = 0.001) and 53.7 + 17.0% (p= 0.02),
respectively. Furthermore, cisplatin induced a gradual and dramatic increase in the
atria’s force of contraction by 250% within the first 60 min, after which it was reduced
by 54% by the end of the experiment. When encapsulated by CBJ[7], the cardiotoxic
activity of cisplatin was significantly reduced; cisplatin@CBJ[7] induced only an 11 +
5.6% (p = 0.2) decrease in the rate of atria contraction, and increased the force of
contraction by only 27 + 18.0% (p = 0.2). As well as reducing the magnitude of change
in rate of contraction, CB[7] also stabilised the force of contraction compared to free
cisplatin. After 60 min the force of contraction increased by just 27 + 18.0% and was

maintained at this magnitude throughout the experiment.

mmu MMMJML

Control Contraction after 30 min Contraction after 90 min

300 pM Cisplatin

} 300 pM Cisplatin@®CB[7]

Figure 3.3.3.8. Actual readings of rate and force of contraction of the right heart atria at

different time points after treatment with 300 uM of cisplatin or 300 pM of
cisplatin@CB[7].
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3.4. Discussion

The platinum-based anticancer agent cisplatin, has been used in the clinic since the
early 1970s for the treatment of several kinds of tumours and although it has a 90%
cure rate in the treatment of testicular cancer, it’s use in the clinic is limited not only
by the development of cisplatin resistant cancer cells but also by its severe side effects
[67-69]. In an attempt to reduce the toxic side effects of cisplatin, second and third
generation platinum drugs were synthesised such as carboplatin and lobaplatin which
both exhibit lower neurotoxic activity than that associated with cisplatin. Another
method that has recently shown promise in reducing the toxic side effects of cisplatin

is the use of drug delivery systems such as liposomes and macrocycles [69-71].

In this thesis, ex-vivo electrophysiological models were used to study the neurotoxic,
neuromyopathic and cardiotoxic activity of cisplatin. Three other platinum-based
drugs that have not entered clinical phase trials due to their high cytotoxicity
(56MESS, K>PtCls and PHENEN) were also used in this study for comparison to
cisplatin. The effect of drug encapsulation of cisplatin by CB[7] on cisplatin’s
neurotoxic, neuromyopathic and cardiotoxic activity was also investigated. As well as
CBJ[7], three other macrocycles were used in this study for comparison; the clinically

approved B-cyclodextrin, CB[6] and Motor2.

Over the years accumulative data has been provided to show that the platinum-based

drugs and specifically cisplatin and oxaliplatin, are highly neurotoxic [40]. Cisplatin

has been reported to induce a dose related sensory neuropathy with symptoms that
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include numbness, distal paraesthesia (tingling sensation), reduced vibration and joint
position sensations and diminished or absent muscle movement [40-43,71]. Recovery
from cisplatin induced neuropathy is often incomplete where it can persist for up to 15

years in 55% of patients after treatment has ceased [72].

Studies using both human and rat tissue have shown that cisplatin is preferentially
taken up by the dorsal root ganglia where it produces abnormalities in the transcription
of ribosomal DNA, a subsequent reduction in protein synthesis and inhibition of
axonal growth [251-255]. In a study by McDonald et al, cisplatin was shown to bind
to neuronal DNA 10-folds higher than it did in pheochromocytoma (PC12) cancer cells
in in vitro [255]. They also showed that when administered intraperitoneally to adult
rats, platinum accumulated to a higher extent in DRG than in multiple other tissues
including: liver, brain, muscle and kidney [255]. The authors concluded that this might
be due to neuronal cells having increased platinum uptake, decreased platinum efflux,
a decrease in platinum detoxification, or decreased DNA adduct repair [255]. Evidence
from other studies have suggested that DRG sensory neurons express specific
membrane transporters known as organic cation transporters that enhance the transport
of cisplatin into the cell at a rate higher than the copper transport proteins expressed in
various cancer cells [255]. Levels of glutathione peroxidase which act as a neuro-
protective agent have been found to be abolished in neuronal cells treated with
cisplatin thus decreasing cellular resistance to cisplatin induced oxidative stress [255-

257].
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In the neurotoxicity studies in this thesis, the effect of drug on the amplitude of the
action potential of the desheathed mouse sciatic nerve over an 80 min period was
studied. Results show that cisplatin had slightly reduced the amplitude of the nCAP
but did not induce a statistically significant neurotoxic effect. This result is expected
as the sciatic nerve does not contain dorsal root ganglia cells compared to the nervous
system. In comparison, 56 MESS and K2PtCls both induced a statistically significant
neurotoxic effect in the sciatic nerve by inducing a reduction in the amplitude of the
nCAP. This suggests that these two platinum-based drugs may induce their neurotoxic
effects via a different mechanism to cisplatin. Unfortunately, there are no previous
literature studies documented on the neurotoxicity of these drugs for further analysis.
However, Oxaliplatin, a second generation platinum-based anticancer drug which is
also known to be highly neurotoxic with peripheral neuropathy as its dose limiting side
effect has been well studied but often with conflicting results [258, 259]. There is
evidence in the literature that suggests that oxaliplatin causes peripheral nerve
hyperexcitability by delaying the inactivation of voltage gated sodium channels.
However, the use of the anti-epileptic agent carbamazepine which is a sodium channel
blocker has failed to significantly reduce the incidence or intensity of oxaliplatin
induced neuropathy and instead a Ca?*’Mg?* infusion is currently the gold standard of
treatment [258]. This suggests that there may be more than one mechanism by which
oxaliplatin induces its neurotoxic activity. In a recent study by Theophilidis et al, the
electrophysiological effect of oxaliplatin on the rat sciatic nerve was investigated
[259]. Their results showed that although oxaliplatin portrayed no significant changes
to the amplitude of the nCAP or in the duration of the nCAP depolarisation phase it

had drastically elongated the duration of the repolarization phase [77]. Their findings
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showed that oxaliplatin had a concentration and a time dependent effects on the firing
responses of intra axonal fibers to short stimuli. Three different firing patterns were
identified; the first pattern showed high frequency bursting (90 — 130 Hz), the second
showed a characteristic plateau with durations ranging from 45 — 140 ms that depended
on the exposure time, and the third combined a plateau and a bursting period. These
patterns were found to be similar to that of 4-AP, a classical blocker of voltage gated
potassium channels in sciatic nerve fibers from young rats [259]. Therefore,
Theophilidis et al concluded that oxaliplatin may induce its neurotoxic activity by
interfering with the activity of potassium channels located on the rat nodal surface,
which mediates a slow potassium current that regulate cell excitability [259].
However, in a different study by Vincent et al oxaliplatin was reported to have no
effect on repolarization phase of the nCAP and that oxaliplatin induced its neurotoxic
activity by altering the kinetics of the voltage gated sodium channels. However these
differences may be as a result of the different tissues used and therefore there is a

difference in the expression of sodium, potassium and calcium channels [260].

Overall the neurotoxicity studies suggest that despite being taken up by neuronal cell
bodies, cisplatin’s mechanism of neurotoxicity is unlikely due to changes in axonal
conduction. A possible explanation for the difference in toxicities of the platinum
based drugs is that they are structurally distinct with different leaving groups, this may

account for their unique pharmacology.
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In the chick biventer-cervecis nerve-muscle experiments all of the platinum-based
drugs portrayed significant neuromyopathic activity. Cisplatin induced a large increase
in nerve-muscle response to ACh and KCI and decreased the electrically stimulated
twitch muscle amplitude suggesting that it induces its neuromyopathic activity by
interfering with the activity of acetylcholinesterase or with the presynaptic nerve
terminal. In a recent study, Khan et al have shown through crystallography and neuro-
informatics studies that cisplatin is able to bind with acetylcholinesterase. More
interestingly is that cisplatin is able to sit within the “acyl pocket” as well as the
“catalytic site” through hydrogen and hydrophobic bonds. These results suggest that
cisplatin may induce its neuromyopathic activity by acting as a potent inhibitor of
acetylcholinesterase [256]. When encapsulated by CB[7], the extent of cisplatin’s
neuromyopathic activity was significantly decreased suggesting that CB[7] may have
neuromyo-protective effects and may have implications in the clinic. In comparison,
K2PtCl4, which decreased nerve-muscle response to ACh, and KCI may have induced
its neuromyopathic activity through a different mechanism by directly acting on the
postsynaptic muscle membrane. The possibility that KoPtCls is directly myopathic is
further supported by the decrease in the nerve-muscle response to KCI which is an
indication that the muscle fibre contractility has been critically impaired. Both
56MESS and PHENEN showed similar results on the nerve-muscle tissue; they
increased the tissues response to Ach and KCI and caused a complete blockade in
muscle twitch. These results suggest that both 56 MESS and PHENEN may share a
similar mechanism of neuromyopathy by acting on the muscle’s nicotinic receptors or
with the viability of the membrane, but indirectly via a presynaptic effect at the

nervous terminal.
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There are only a few studies that have reported cisplatin to be a cardiotoxic agent.
These studies have shown that cisplatin can induce arrhythmias, electrocardiographic
changes, myocarditis and congestive heart failure. In the clinic these cardiac problems
are reported to be clinically silent and can occur either hours after drug infusion, days,

months or even years.

In this thesis, the cardiotoxic activity of cisplatin was investigated by monitoring its
effect on the rate and force of right and left atria contraction. Results show that
cisplatin induced a statistically significant reduction in the rate of contraction in the
right atria but not in the left atria, this effect was observed with all the platinum-based
drugs tested indicating that they may all share a similar mechanism of cardiotoxic
activity, possibly by altering the kinetics of the SA node which is present in the right
atria but absent in the left atria. The results from this thesis also showed that cisplatin,
56MESS and PHENEN induced a statistically significant reduction in the force of
contraction of the left atria, suggesting that there may be various methods by which

these drugs are cardiotoxic.

While there are no published data available on the effects of platinum-based drugs on
the SA node, there are studies that have shown cisplatin to induce toxicity to the heart
by disturbing its contractility and coronary flow. In a study by Novokmet et al, the
effect of cisplatin on the perfused isolated rat heart using the lagendorff model was
investigated [261]. Their results showed that while cisplatin had no effect on the
diastolic blood pressure of the left ventricle it had significantly decreased coronary

blood flow in a dose dependent manner, suggesting that cisplatin may not induce its
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cardiotoxic activity on cardiac muscle alone, but also on coronary endothelium [261].
Other studies at the molecular level have shown that cisplatin increases the expression
of cardiotoxic enzyme biomarkers such as glutathione, GSH lactate dehydrogenase
and creatine kinase which in turn cause oxidative stress [261]. This suggests that
cisplatin may induce its cardiotoxic activity via lipid peroxidation of cardiac
membrane as well as by triggering platelet aggregation and enhancing thromboxane
formation causing vascular damage. In a study by Badar et al cisplatin was shown to
disrupt the enzymatic activity of superoxide dismutase by depleting the levels of zinc
and copper in cardiac tissue, this is a similar mechanism of action by which cisplatin

induces its nephrotoxic activity [262].

Although there is a lack of information on the precise mechanism of action of the
cardiotoxicity of cisplatin and the second generation platinum-based drugs used in the
clinic, there is evidence that suggests cisplatin may induce cardiotoxic activity via a
number of pathways. It is important that more investigations are carried out in order
to provide a mechanism to prevent or treat the cardiotoxicity caused by the platinum-
based drugs. Not only have the investigations from this thesis shown that cisplatin is
cardiotoxic to the rat heart atria by reducing the rate and force of right atria contraction
but that the encapsulation of cisplatin within the macrocycle CB[7] can reduce the
cardiotoxic activity induced by cisplatin. More studies at the molecular level need to
be performed to explain the precise mechanism by which CB[7] induces its

cardioprotective effect.
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Chapter 4

Conclusion and Future Studies
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4. Conclusion

Cancer is still one of the leading causes of death worldwide and although various
anticancer drugs are currently used in the clinic and many more are currently under
development their use is greatly limited by their unsuitable pharmacokinetics, toxic
side effects, emergence of drug resistance, and poor solubility. A recent method that
has shown promise to overcome these problems and increase drug efficacy is the re-
formulation of drugs using a range of drug delivery vehicles [263-267]. However,
despite these benefits, most drug delivery systems have significant limitations
themselves that range from toxic side effects, reproducibility issues, irreversible drug
binding, and expensive costs [264-267]]. As such, safer, cheaper and better drug
delivery vehicles need to be developed and moved through the pharmaceutical

development pipeline [267].

The objective of this thesis was to test the hypothesis that re-formulation of drugs
through the use of a drug delivery system can significantly increase the drug’s
bioavailability and efficacy while reducing the drug’s toxic side effects. The thesis has
been divided into two sections; in the first section a drug delivery system composed of
the platinum-based anticancer drug cisplatin encapsulated within the macrocycle
cucurbit[7]uril and further encapsulated within an implantable hydrogel was
developed and examined for it’s in vitro and in vivo anticancer efficacy and compared
to free cisplatin. In this section, the in vivo anti-tumour efficacy of free cisplatin
towards cisplatin resistant ovarian cells was studied and compared to that of cisplatin
encapsulated within cucurbit[7]uril and loaded into an implantable PVA and gelatine

based hydrogel. Results showed that the encapsulation of cisplatin@CB[7] within a
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2% PVA-gelatine based hydrogel increased the bioavailability of the drug as it
overcame cisplatin resistance, furthermore, there was no statistically significant
difference in the anticancer effect of a low dose formulation of cisplatin@CB[7] in the
2% PVA hydrogel (30 pg per animal) compared to a high a intraperitoneal dose of
cisplatin (150 pg per animal). This shows that a lower dose of cisplatin in this CB[7]
- hydrogel drug delivery complex can be used to achieve a similar anticancer effect of
free cisplatin but with the added benefit of reducing the side effects induced by

cisplatin.

In the second section of this thesis, ex-vivo electrophysiological models were used to
investigate the neurotoxic, neuromyopathic and cardiotoxic activity of free cisplatin
compared to cisplatin@CBJ[7] (amongst other platinum-based drugs and macrocyclic
drug delivery systems). The mouse sciatic nerve, chick biventer-cervicis nerve muscle
and rat heart atria tissues were used respectively. Results showed that cisplatin did not
induce any neurotoxic activity in the sciatic nerve, however had portrayed statistically
significant neuromyopathic and cardiotoxic activity. Furthermore when encapsulated
by CBJ7] these toxicities were reduced, therefore suggesting that CB[7] could have

neuromyo- and cardio- protective properties.

Overall, the combined results of this chapter show that the reformulation of cisplatin
through using CBJ[7] and a 2%-PV A gelatine based hydrogel as a drug delivery vehicle
can possibly increase the efficacy of cisplatin through a slow release mechanism and
by reducing the neuromyopathic and cardiotoxic side effects of cisplatin and thus

increasing its bioavailability. The results obtained in this section are in line with those
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obtained with other drug delivery systems, for example as explained earlier, although
the use of liposomes and macrocycles for the delivery of cisplatin have shown to have
no significant anticancer difference compared to free drug, they do have significant
lower toxic side effects compared to free drug which could have positive implications

on patients life [267-270].

4.1 Future Studies

Although implantable hydrogels could be promising in clinical cancer treatment, they
are partially hindered by the time and cost of their surgical procedure. As well as the
continued research into tuning drug release rates from implantable hydrogels via better
network design and more precise mathematical modelling, scientists have also focused
on developing efficient injectable hydrogel models using thermosensitive polymers

[270-272].

An injectable hydrogel is one in which the hydrogel polymer matrix is in the aqueous
form outside the body, but once injected inside the body, rapidly gels via chemical or
physical crosslinking. Injectable hydrogels are an attractive method to bypass the
limitations associated with implantable hydrogels; gel formation after an injectable
administration avoids an open surgery procedure. This helps facilitate the use of a
minimally invasive approach for drug delivery and therefore improving patient’s
compliance and comfort significantly as well as potentially reducing the cost of

therapy [271-274].
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Thermosensitive hydrogels are an attractive choice as injectable biomaterials due to
their spontaneous gelation in body temperature without the requirement of extra
chemical treatment [270, 272]]. Therefore a future direction to this study would be to
create an injectable thermosensitive hydrogel containing cisplatin@CB[7] and to
compare it’s efficacy in reducing tumour growth compared to the implantable hydrogel
system developed in this study. It would also be of interest to study the effect of the
encapsulation of cisplatin within other macrocyclic drug delivery systems such as -
cyclodextrin and to compare its effects with CB[7] in order to develop the most

effective and safe slow drug delivery system.

The toxicological experiments described in this thesis illustrate the advantages of
using ex vivo electrophysiology experiments in understanding and predicting the
toxicity induced by different compounds on specific tissue. The fact that the results
obtained from these experiments correlate with what is seen in the clinic show that
these experimental methods are reliable. To expand this study, it would be of great
interest to use other well established toxicological and histological methods to
understand the precise mechanisms of action of the platinum-based drugs and
especially cisplatin in inducing their cardiotoxic and neuromyopathic activity and the
mechanism by  which  encapsulation by  CBJ[7] reduces  these
toxicities. Electrophysiological experiments using the diaphragm’s phrenic nerve
tissue from mice can be employed to measure the quantal content of acetylcholine
released from the presynaptic nerve. This can help to identify whether cisplatin’s effect
on the muscle’s contraction rate is an effect of cisplatin acting on the pathway of the

production of acetylcholine and its release or by other means. It would also be of
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interest to study the toxicity of the platinum-based drugs and other macrocyclic drug
delivery compounds on other organ tissues such as kidney, uterus, colon, ileum and
bladder this can give a well-rounded understanding of the toxicities induced by these

compounds.

Since this study showed that the encapsulation of cisplatin by CB[7] reduced the
neuromyopathic and cardiotoxic activity of cisplatin, it would be beneficial to study
whether encapsulation of cisplatin by other macrocycles such as B-cyclodextrin
portray a similar protective effect. If so, then the use of drug delivery systems would

be an interesting option in reducing the toxic side effects induced by anticancer drugs.
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